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ABSTRACT: Recent applications of photoelectrochemistry at the semiconductor/
liquid interface provide a renewable route of mimicking natural photosynthesis and
yielding chemicals from sunlight, water, and air. Nanowires, deﬁned as one-dimensional
nanostructures, exhibit multiple unique features for photoelectrochemical applications
and promise better performance as compared to their bulk counterparts. This article
reviews the use of semiconductor nanowires in photoelectrochemistry. After
introducing fundamental concepts essential to understanding nanowires and photo-
electrochemistry, the review considers answers to the following questions: (1) How can we interface semiconductor nanowires
with other building blocks for enhanced photoelectrochemical responses? (2) How are nanowires utilized for
photoelectrochemical half reactions? (3) What are the techniques that allow us to obtain fundamental insights of
photoelectrochemistry at single-nanowire level? (4) What are the design strategies for an integrated nanosystem that mimics a
closed cycle in artiﬁcial photosynthesis? This framework should help readers evaluate the salient features of nanowires for
photoelectrochemical applications, promoting the sustainable development of solar-powered chemical plants that will beneﬁt
our society in the long run.
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1. INTRODUCTION
Energy and environmental sustainability, originated at large
from the reliance of fossil fuels in our society, are two of the
major challenges that our humanity is facing. The sunlight
irradiating the Earth’s surface provides immense energy,
roughly 105 terawatts (TW), which far exceeds the 20∼40
TW of global power consumption expected by 2050.1−5
Therefore, eﬃcient utilization of solar energy provides a
renewable route to alleviate the energy and environmental
issues associated from the extensive use of traditional fossil
fuels.1,6 However, as solar energy is intermittent,1,2 eﬃcient
conversion and storage of solar energy is a critical component
in a sustainable energy future. Since the photoelectric eﬀect
discovered by Edmond Becquerel,7 researchers have made
much progress in the capture and conversion of solar energy
into valuable and important assets.8−11 In addition to the
photovoltaic (PV) eﬀect that converts sunlight into elec-
tricity,8,11 the photoelectrochemical (PEC) eﬀect, the light-
initiated charge separation and subsequent redox reaction at
the semiconductor/liquid interface (Figure 1), provides an
important pathway that directly stores solar energy in chemical
bonds, particularly in the form of chemical fuels including
hydrocarbons and dihydrogen.1−3,10 PEC eﬀect is capable to
address the issue of intermittence in sunlight, facilitate the
transportation of the “ﬁxed” solar energy, and provide backup
power during the supply interruption of electricity.12 However,
to achieve an eﬃcient and economical solar conversion by PEC
technology, a variety of factors has to be considered and
optimized simultaneously: light absorption, separation and
transportation of photogenerated charge carriers, carriers
extraction for chemical reactions, component integration into
an integrated system, as well as the cost of scalable module
manufacturing. While a successful PEC-based artiﬁcial photo-
synthetic approach invites the participation from diﬀerent
disciplines, one of the concepts that introduces additional
degrees of freedom in system optimization is nanomaterials
and particularly a one-dimensional nanowire morphology,13−16
thanks to the beneﬁcial properties that have been demon-
strated from recent literature.4,15,17
In this review, we aim to summarize the research of
nanowires that utilizes PEC eﬀects to store solar energy into
chemical bonds, which was proposed as early as 2002.18 Other
important PEC-related technologies, for example, the dye-
sensitized solar cells (DSSCs) that convert solar energy into
electricity other than chemicals, are not discussed in detail here
and alternative reviews are suggested.19,20 Our narration starts
from an introduction that includes the concept of nanowires,
the principles of photoelectrochemistry, the ﬁgure-of-merits for
the performance of a PEC device, and the potential beneﬁts in
PEC applications with the use of nanowires. As an eﬃcient and
eﬀective PEC device requires the integration and optimization
of multiple components, the second part of our review will
focus on diﬀerent strategies of interfacing semiconductor
nanowires with other building blocks that may be needed in
artiﬁcial photosynthesis. We propose to illustrate how the
nanowire morphology can beneﬁt the integration of multiple
components in the system. These successful integrations will
lead to the discussion of nanowire photoelectrodes in the third
part of this review, which will be categorized based on the half
reactions that are involved in a solar-to-chemical process. Such
an application-oriented discussion is proposed to provide the
readers a comprehensive landscape of current developments in
nanowire photoelectrochemistry. The fourth part of this review
will focus on the studies at single-nanowire level for PEC
applications, which yields insights of photoelectrochemistry at
a microscopic scale. Last, we will discuss current progress of
applying semiconductor nanowires to construct an integrated
nanosystem for an artiﬁcial photosynthetic process. As
compared to the cases that only a half-reaction is concerned,
the integrated nanosystem demands a distinguishably diﬀerent
design principle for optimal performance, which will be
illustrated in this section. Overall, we postulate that this
review will help the readers to evaluate the features of
nanowire photoelectrochemistry. A comprehensive under-
standing of nanowires in photoelectrochemistry will promote
the sustainable development of solar-powered chemical plants
that will beneﬁt our society in the long run.
1.1. Concept of Nanowires and Nanomaterials
Nanowire is a type of nanostructure that possesses an aspect
ratio large than one. Since the 1990s, there has been increasing
interest in investigating nanowires. A signiﬁcant amount of
understanding about nanowires has been obtained, thanks to
their tunable physical and chemical properties.14,21−26
Compared to their bulk counterparts, nanowires exhibit
distinct characteristics and subsequently advantages in many
practical applications.14,22,23 First, it is possible to ﬁne-tune the
radial dimensions of nanowires and render the nanowire
diameters comparable or smaller than the characteristic lengths
for various applications, including the wavelength of photons,
the mean free path of phonons, and the diﬀusion lengths of
photoexcited carriers.25,27 Such a unique feature leads the
observed changes of physical properties in nanowires, which
have been reported in diﬀerent subdisciplines of physics and
chemistry.19,24,26 In addition, nanowire morphology possesses
large surface-to-volume ratios and subsequently abundant
active sites, which is beneﬁcial for chemical reactions.22 The
large surface area also renders nanowires a suitable platform to
interface with biological moieties, yielding inorganic−bio-
logical nanohybrids with functionalities not found in the
individual components.14,22 Thanks to such favorable proper-
ties that nanowire morphology exhibits, a myriad of synthetic
and fabrication techniques have been developed for the
preparation of nanowires with high ﬁdelity and targeted
functionality.21−23,28 Collectively, the concept of nanowire
morphology have introduced many diﬀerent applications in
optoelectronics,24,29−31 energy,19,20,32 catalysis,3,17,18 and bio-
technology.33−35
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1.2. Principle of Photoelectrochemistry
Photoelectrochemistry is an optoelectronic eﬀect that occurs at
the interface of a semiconductor material and the liquid
electrolyte (Figure 1a). Detailed information on the photo-
electrochemistry per se have been discussed extensively in
previous literature,8,16,36 and only general description is
provided here. When a semiconductor is in contact with
liquid electrolyte, the diﬀerences of Fermi levels between the
semiconductor and electrolyte will lead to the band bending at
the interface as well as the establishment of a built-in electric
ﬁeld.8,36 Under photon irradiation, additional electron−hole
pairs (e−/h+) are generated and spatial separation of these
photoexcited carriers takes place thanks to the presence of the
built-in electric ﬁeld as well as the relatively high mobility of
these carriers. Among these electron−hole pairs, the photo-
excited minority carriers move toward the semiconductor/
electrolyte interface, while the majority carriers travel through
the bulk of semiconductor. A redox half-reaction that would
not happen in the absence of photon irradiation is initiated,
thanks to the accumulation of photoexcited minority carriers.
In the case of an n-type semiconductor, termed as a
photoanode, a upward band-bending leads to the accumulation
of photogenerated holes for a oxidative half-reaction, while a
downward bending occurs in a p-type semiconductor (a
photocathode), with the accumulation of photogenerated
electrons for a reductive half-reaction (Figure 1a). In practice,
two sorts of conﬁgurations are possible depending on the fate
of these photogenerated majority carriers: (1) a photo-
electrode in which the bulk of the semiconductor is connected
to an external electric circuit and the majority carriers from
photoexcitation contribute to a measurable photocurrent, and
(2) a particulate form in which no external electric circuit is
present and the majority carriers eventually transport to the
semiconductor/electrolyte interface for another redox half-
reaction, usually with the presence of a sacriﬁcial chemicals
termed as electron/hole scavengers. Both conﬁgurations are
viable for a solar-driven chemical production with their own
unique pros and cons. The particulate variant is considered to
be of lower cost comparably, thanks to the simplicity in its
design as well as the low operational expenditure that may
incur in a photoreactor.37,38 On the other hand, photo-
electrodes enjoy a possibly more eﬀective charge-separation
under solar irradiation, as well as the output of a photocurrent
that allows for a more ﬂexible design of the overall system. As
the oxidation and reduction occur on separate electrodes in the
conﬁguration of photoelectrode, the backward reactions
between the products of oxidation and reduction, termed as
back reactions, are mitigated. This implies that the photo-
electrode conﬁguration may have a more straightforward
design principle as only one of the half-reactions needs to be
considered at a time.38
1.3. Evaluation of Photoelectrochemical Performance
As one important potential application of photoelectrochem-
istry is the solar-to-chemical conversion, speciﬁc method-
ologies are needed in order to evaluate the performance of a
speciﬁc PEC system. Owing to the diﬀerences of device
conﬁgurations that are mentioned in the previous section, two
diﬀerent scenarios should be considered in the context of
evaluating the PEC performance.12 In the ﬁrst scenario, a
single photoelectrode is poised at a certain electrochemical
potential and a ﬂux of photons is provided to the semi-
conductor. Light illumination leads to a measurable photo-
Figure 1. (a) Principles of PEC cells for both n-type semiconductor (left) and p-type semiconductor (right). The ηoptical, ηseparation, and ηechem stand
for the eﬃciencies of light absorption, charge separation, and transport to the semiconductor/electrolyte interface, and electrochemical
transformation in PEC basic processes. (b) Evaluation of a PEC device: (left) the same way as a solar cell that open-circuit voltage (Voc), short-
circuit current (Isc), and ﬁll factor (FF) are concerned, while Pmax, IMP, and VMP stand for maximum power, current at Pmax, and voltage at Pmax;
(right) resembling the way in traditional three-electrode electrochemistry that onset potential (Vonset), and current density at one given
overpotential (Ipotential) are typical measured parameter.
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current, analogous to the case of a solar cell, with the
simultaneous occurrence of a redox half-reaction. The
performance evaluation of photoelectrode bears much
similarity to the method for solar cells, with the use of open-
circuit voltage (Voc), short-circuit current (Isc), and ﬁll factor
(FF) as the ﬁgure-of-merits (left panel in Figure 1b).
Additionally, two diﬀerent quantum eﬃciencies are applied
for performance evaluation: the incident photon-to-current
conversion eﬃciency (IPCE) and the absorbed photon-to-
current conversion eﬃciency (APCE). Here, Voc is deﬁned as
the voltage measured across the electrodes when there is
inﬁnite load in the circuit; Isc is deﬁned as the current
measured directly across the electrodes in the absence of any
load in the circuit, FF is deﬁned as the ratio of maximum
obtainable power to the product of the Voc and Isc, IPCE is
deﬁned as the number of photogenerated charge carriers
contributing to the photocurrent per incident photon, and
APCE is deﬁned as the number of photogenerated charge
carriers contributing to the photocurrent per absorbed photon,
which is termed the internal quantum eﬃciency. In the testing,
a traditional three-electrode setup of electrochemistry is
applied, and the thermodynamic potential of the proposed
half-reaction is considered as the zero point of voltage when
calculating the Voc and Isc. In practice, a few additional
parameters are commonly reported in addition to the ones
mentioned above. This includes the term of onset potential
(Vonset), deﬁned as the semiquantitative electrochemical
potential at which the “onset” of photocurrent is apparent as
compared to the I−V characteristic in the dark. Even though
Voc is technically more rigorously deﬁned, Vonset has gained
more popularity in the study of photoelectrochemistry, as there
is always some nonzero background current in the PEC testing
which hardly satisﬁes the requirement of Voc. Another
important parameter that is frequently used is the current
density at one given electrochemical potential (Ipotential) (right
panel in Figure 1b). As the solar ﬂux from the sun is ﬁnite, it is
important to report the current density that the PEC device
can produce under a standardized condition, such as AM1.5 G
simulated sunlight with a light intensity of 100 mW/cm2.12
Last, as a speciﬁc redox half-reaction is typically proposed in
company with the observation of photocurrent, it is important
to report the selectivity of the proposed half-reaction, termed
as Faradaic eﬃciency (FE), which is deﬁned as the percentage
of total photocurrent that goes into the given product,
especially when multiple possible reactions are all feasible
and the information on reaction selectivity is highly demanded.
In the second scenario of PEC investigations, a complete cycle
of oxidation and reduction is of interests or it is impossible to
separate the PEC performance in a single half-reaction, such as
the case of particulate system mentioned above. Here, the
overall energy eﬃciency (EE), deﬁned as the total Gibbs free
energy gain normalized by the total energy of incident photons
in the absence of any external electric energy input, should be
reported in lieu of the one reported in the conﬁguration of a
photoelectrode. Speciﬁcally, when the PEC system is used for
the proton reduction to produce hydrogen, the solar to
hydrogen conversion eﬃciency (SHCE), which is deﬁned as
the ratio of the chemical energy stored in hydrogen to the solar
energy input, should be reported. This implies that the
generation of both oxidation and reduction products should be
quantiﬁed, no electric voltage is provided in the operation, and
the redox potential of both oxidation and redox should be
considered.
The reported performances of PEC devices are good
indicators of the materials properties for the semiconductors
used. For example, a typical parameter that is reported is the
apparent quantum eﬃciency of the incident photons (ηPEC),
which can be determined from the IPCE experiment. It has
been reported: ηPEC = ηoptical × ηseparation × ηechem,
39 which states
that the value of ηPEC is the product of three eﬃciencies that
are related to diﬀerent aspects of the PEC process: the
eﬃciency of light absorption from the incident photons at a
certain wavelength (ηoptical), the eﬃciency of photoexcited
minority carriers to have charge separation in the semi-
conductors and transport to the semiconductor/electrolyte
interface (the charge collection eﬃciency, ηseparation), as well as
Figure 2.Merits of the nanowire geometry (bottom) for PEC in comparison to the planar counterpart (top): (a) light-trapping eﬀect facilitates the
nanowires to absorb more light than planar architectures. (b) Eﬃcient charge separation lowers the recombination of photogenerated carriers and
reduces the purity requirement of materials. (c) High surface area enhances the charge collection eﬃciency, reduces the TOF demand of
electrocatalysts, and decreases the catalyst loadings. (d) Control of mass transport establishes a local environment with deﬁcient oxidants to favor
several anaerobic processes.
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the eﬃciency of accumulated minority to perform half-
reactions at the interface instead of other surface-initiated
recombination events (ηechem). Such a relationship of ηPEC
illustrates the intricacy of device optimization, which calls for
additional degrees of freedom in developing PEC technologies
for artiﬁcial photosynthesis. We postulate that the nanowire
morphology is one of the possibilities that can advance artiﬁcial
photosynthesis.
1.4. Potential Beneﬁts of Nanowires in
Photoelectrochemistry
When introducing nanowire morphology to photoelectro-
chemistry and more generally artiﬁcial photosynthesis, one of
the most critical questions is what sort of beneﬁts that
nanowire morphology can introduce as compared to its bulk
counterparts. The beneﬁts discussed here are not just limited
to the nanowire morphology: other structures that, including
nanorods,40 nanotubes,41 nanopillars,42 pyramids,43,44 and
nanoholes,45 share physical and chemical characteristics and
will subsequently display similar PEC behaviors. Therefore, the
above-stated beneﬁts also apply to those nanostructures that
may not be directly considered as nanowires and our
discussion here is a good guide for people interested in
utilizing other nanostructures for PEC applications. In
addition, while aligned nanowire array with uniform and
controllable morphology is a model system for understanding
the fundamental principles and establishing a proof-of-concept
for applications, the potential beneﬁts of nanowire in PEC
applications are not necessarily restricted to the aligned array
and include conﬁgurations such as interconnected networks46
and layered meshes.47,48 Below, we provide a list of properties
of nanowires that might be beneﬁcial, with appropriate design,
to the development of artiﬁcial photosynthesis (Figure 2):
1.4.1. Light-Trapping for Better Photon Absorption.
Nanowire, especially an oriented nanowire array, is a platform
that provides a gradient of refractive index at the interface
between the liquid and semiconductors. This renders a
nanowire array remarkably suitable as an antireﬂection
layer,49,50 which suppresses reﬂection and enhances nondirec-
tional scattering of incident light. Such a phenomenon, dubbed
as the light-trapping eﬀect, allows nanowire to exhibit much
higher equivalent absorption coeﬃcients across a broad range
of spectrum as compared to a planar architecture of
semiconductors. Additionally, for crystalline nanowires, the
well-faceted shape of the nanowire morphology creates unique
optical modes that will further enhance the absorption of
incident photons at resonance wavelengths.51 Therefore,
nanowire materials are much better light-absorbers as
compared to planar or bulk materials thanks to their favorable
optical properties. Such a potential beneﬁt will lower the cost
of material preparation, especially in the case of indirect
semiconductors such as silicon (Si) that demands hundreds of
micrometers for appreciable absorption in the red part of the
solar spectrum for a planar electrode.
1.4.2. Enhanced Eﬃcacy of Charge Separation.
Nanowire geometry can orthogonalize the directionality of
light absorption and the process of charge separation. In typical
scenarios, the incident photons are illuminated from an angle
normal to the surface of semiconductor electrode or material.
For a bulk material or photoelectrode, this implies that
photogenerated minority carriers are required to travel the
same distance as the equivalent absorption depth of the
incident photons. However, for many indirect semiconductor
light-absorbers that are of interest to the community, their
minority carrier diﬀusion length and the width of band-
bending region is much shorter than absorption depth of the
incident photons. This will lead to a signiﬁcant amount of
recombination of photoexcited carriers, a suboptimal value of
ηseparation, and subsequently lower energy eﬃciencies. In
contrast, nanowires allow the photogenerated minority carriers
to travel a much shorter distance to the materials/liquid
interface, therefore signiﬁcantly increase the value of
ηseparation.
12,52 Such a decoupling between light absorption
and charge separation on nanowire materials is proposed to
increase the overall quantum eﬃciency and energy eﬃciency of
PEC processes and at the same time may also increase the
tolerance of impurities in the semiconductor materials.
1.4.3. Increased Reaction Turnover Thanks to Its
Large Surface Area. A redox half-reaction at a suﬃciently
high rate of turnover is required at the semiconductor/
electrolyte interface for an eﬃcient solar-to-chemical process.
While diﬀerent reactions may have their own intrinsic
reactivities, nanowire morphology provides a surface area
that is much larger than its bulk or planar counterparts and
thereby oﬀers more active sites for the solar-driven reactions.
The high surface area of nanowires will reduce the required
overpotentials and ﬂux density for the charge transfer of half-
reactions, therefore boost ηechem by outcompeting the
possibility of surface-associated recombination and increase
the values of FF, Vonset, and the eventual energy eﬃciency.
40,53
One should note that such a contribution from nanowire
morphology for PEC applications are distinguishably diﬀerent
from the cases of PV studies because a large junction area in
solar cells is considered to reduce Voc by diluting the photon
ﬂux as well as reduce FF by introducing more surface
recombination.52,54 Moreover, nanowire of a large surface
area is a suitable platform to accommodate catalysts onto the
semiconductor’s surface and deliver additional functionality to
the solar-to-chemical process. This is particularly beneﬁcial for
the use of earth-abundant building blocks, as an increased
loading amount of these building blocks can help to reduce the
required reactivity for the loaded catalysts and therefore help
to achieve similar performance without the use of precious
metals.
1.4.4. Controlled Mass Transport within the Nano-
wire Array. Nanowire array electrode can be considered as a
special form of porous electrodes, which has been intensively
studied in the past.55,56 One of the unique features of a porous
electrode is that the mass transport of redox species within the
electrode is highly predictable and tunable. With inappropriate
design, such an issue of mass transport can be a bane other
than a blessing. Inadequate mass transport of redox-active
species for the proposed half-reaction requires additional free
energy as a driving force thereby lowers the energy eﬃciency of
a nanowire PEC device. However, we propose that the use of
nanowire array and its controllable mass transport can also be
beneﬁcial for some speciﬁc applications when we aim to
interface semiconductor light absorbers with functional
building blocks for artiﬁcial photosynthesis. One possible
scenario is that the building block that the nanowire is
interfacing has a restrictive requirement about the local
environment. Many organometallic and microbial catalysts
are highly sensitive to dioxygen (O2), yet a practical
application of artiﬁcial photosynthesis inevitably requires an
oxygenic environment. It is postulated that the nanowire array
indeed can provide a local O2-free environment in air, thanks
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to its control of mass transport for redox active species
including O2.
34,57 Such a property allows nanowire arrays to
embrace a broader range of building blocks and provide added
ﬂexibility when designing an integrated system.
1.4.5. Beneﬁts for Device Integration. The nanowire
morphology is suitable to be integrated into a functional device
in the context of constructing a solar-powered chemical plant.
Thanks to its large aspect ratio and the mechanical ﬂexibility,
nanowires can be readily processed through a variety of
engineering techniques, including roll printing, drop casting,
and spin coating.14 The rapid advance of synthetic methods for
nanowires, especially low-temperature, solution-based ap-
proaches, promise a scalable production of nanowire materials
with aﬀordable cost for large-scale manufacturing, especially for
the particulate conﬁguration of photocatalysis. Moreover, as we
have mentioned above, the large surface area of the nanowire
morphology also invites versatile integration of nanowires with
other building blocks in artiﬁcial photosynthesis. Here, one
speciﬁc beneﬁt of nanowires is its capability to mimic the
microscopic structure and functionality of the natural artiﬁcial
photosynthetic system, which will be discussed in depth later
in this review.
In a typical system of nanowires, more than one of the above
listed beneﬁts may exist for the PEC applications. We
summarize recent literature and provide a survey of the
beneﬁts that are claimed by researchers, along with the
materials system and the corresponding chemical reactions of
interest (Table 1). As shown in Table 1, most studies focus on
the ﬁrst three aspects of nanowires in PEC applications. This
suggests that the ﬁrst three beneﬁts discussed above are more
relevant or directly applicable, while it does leave more leg
room for future studies to exploit the under-utilized features of
nanowires in PEC applications.
1.5. Design Considerations for Nanowire
Photoelectrochemistry
As alluded before, the above-mentioned potential beneﬁts of
nanowire morphology may not be readily translatable in the
absence of a well-thought design strategy and a meticulous
control of materials’ properties. The development of nanowires
for PEC devices requires precise design and control over a
variety of materials’ selection and properties.39,52,89−91 In the
following discussion, we aim to provide some thoughts over
the properties that need to be taken into account, commonly
intertwined to each other, for the sake of maximizing the
potential beneﬁts of nanowires for PEC applications.
Overall, the nanowire dimensionality is one of the most
critical factors for the whole PEC processes. First, the optical
eﬀect of light-trapping requires a careful control of the
nanowire dimensionality as well as the accommodation of
other optoelectronic properties for the targeted materials. It is
necessary to consider the speciﬁc wavelength range that
nanowires are expected to deliver their beneﬁts before any
synthesis or fabrication work takes place.90 It was found that
absorption behavior in diﬀerent light wavelength ranges can
change along with the diameter variation.92 Because of the
resonant enhancement eﬀect, Si nanowires of small diameters,
usually smaller than 200 nm, exhibit strong absorption of short
UV−visible light in the wavelength range of 300−500 nm.
When the diameters of wires are increased up to 1400 nm, the
short wavelength light absorption becomes less eﬀective and
the absorption in the long wavelength light range of 500−900
nm will be enhanced.92 The inﬂuence of length and ﬁlling ratio
of Si nanowire on light absorption ability has been simulated.93
By using longer nanowire, the absorption of long-wavelength
photons was improved to alleviate the small extinction
coeﬃcients of Si at the corresponding wavelengths. With the
same nanowire length, a larger ﬁlling ratio shows a larger
absorbance for long-wavelength near-infrared photons, while a
smaller ﬁlling ratio absorb more light in the UV−vis regime.93
Additionally, while long nanowires of small diameters may
Table 1. Beneﬁts of Nanowire for a Variety of PEC Half-Reactionsa
beneﬁts of nanowire
nanowire reaction better photon absorption enhanced charge separation large surface area mass transport control
TiO2 OER 58 59 60 60 b
ZnO OER 61
α-Fe2O3 OER 62 62
α-Fe2O3/Si OER 63 63
WO3/BiVO4 OER 64 64
Ta3N5 OER 65 65 65
Si/Ta3N5 OER 66 66
nanoporous BiVO4 organics oxidation 67 67
nanoporous BiVO4 biomass oxidation 68 68
Si HER 69 69 70 71 72
InP HER 42 42 73
GaP HER 74 74
Cu2O HER 75 76 75 76 75
Si CO2 reduction 77 78 79 80 77 78 79 34 81 80 34
GaN CO2 reduction 82 82 83 84 83
CuO/Cu2O CO2 reduction 85 85
Si N2 reduction 86 86
GaN N2 reduction 87 87
Bi5O7Br N2 reduction 41 41
CdS N2 reduction 88 88
aNumbers represent the corresponding references with beneﬁts of nanowires are displayed. bNot speciﬁed in the summarized cases.
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beneﬁt light absorption, the beneﬁts of optical absorption may
promote detrimental surface recombination, which have been
illustrated in detail for Si nanowires.90 A similar trade-oﬀ is also
present when we aim to maximize the value of ηseparation by ﬁne-
tuning the diameter and doping level in nanowires. A case
study of gallium phosphide (GaP) nanowires found that the
average diameter of GaP nanowire and the doping
concentration of Zn had remarkable eﬀects on the PEC
performance.91 For undoped GaP nanowire of small diameter
(∼25 nm), the radius of the nanowire is smaller than the width
of the built-in depletion region at the semiconductor/
electrolyte interface. Therefore the magnitude of band-bending
was smaller than in the case of bulk materials (Figure 3a),
leading to lower values of measured photovoltage and
photocurrent.39,89 In comparison, GaP nanowires of larger
diameter (∼90 nm) with moderate concentration of Zn dopant
mitigated this issue by providing a larger diameter as well as a
smaller width of band bending,89 which eventually yielded
larger values of ηseparation and photocurrent density.
89,91
However, excessively high concentration of Zn dopant in
GaP nanowires was detrimental, as the high concentration of
dopants increased recombination within the semicondcutor.91
Similar argument was observed for Si nanowires.89 At a lower
dopant density level (ND = 4.8 × 10
15 cm−3), photoelectrode
of n-Si nanowire showed a similar Voc but a lower light-
saturated photocurrent density in comparison to planar
photoelectrode (Figure 3b). At a higher dopant density level
(ND = 7.8 × 10
17 cm−3), the light-saturated photocurrent
density was higher for nanowire photoelectrode, but the Voc is
smaller than that of the planar photoelectrode (Figure 3b). In
addition, the measured quantum yield was also found to be
strongly dependent on the properties of underlying Si substrate
when the penetration depths of incident photons could be
longer than the length of Si nanowire.89 This illustrates the
importance of appropriate experimental design in order to
extract fundamental insights for nanowire-based photoelec-
trochemistry.
Interestingly, experimentally the measured performance of
nanowire-based PEC process can be quite sensitive to the exact
morphology of the prepared nanowires. One factor that may be
less frequently considered is the diameter uniformity along the
nanowires. By studying ﬁve Si photoelectrode architectures
with two thin cylindrical nanowires and three tapered
cylindrical nanowires, it was observed that at a short-circuit
condition, the quantum yields of tapered nanowires is much
smaller than the one of cylindrical nanowires (Figure 3c).39 It
was proposed that the deleterious charge transfer at the surface
within tapered nanowires lead to the signiﬁcant majority-
carrier losses to give lower quantum yields.39
A quantitative analysis for identifying the controlling factors
in nanowire PEC was conducted by a computational
simulation with a focus on the charge carrier separation
process.39 The model considers a cylindrical nanowire
photoelectrode under low-level injection, i.e., illumination
levels where the concentration of only one charge carrier type
changes appreciably. There are four principle processes
relevant in the charge carrier recombination: in the bulk (1),
in the depletion region (2), at surface traps (3), and through
heterogeneous charge transfer (4). The solar energy
conversion properties can be dictated by any individual,
combination, or sum total of these processes in a real thin
nanowire photoelectrode.39 For properly doped thin n-type Si
nanowire with trap states located uniformly throughout the
material and minimal surface defects, the dominant recombi-
nation could happen in the bulk or the depletion region. By
considering that the diﬀusion length (Lp) of a charge carrier is
a function of both the mobility and lifetime (equation 1), the
open-circuit photovoltage (Voc) could be estimated by
equation 2 when depletion region recombination is limiting.
For a planar n-type Si photoelectrode with exact the same bulk
Figure 3. (a) Schematic illustration of the electrostatics of a GaP nanowire in electrolyte, exhibiting nanowire of small diameter suﬀers small band-
bending, large diameter alleviates this issue, while it was not completely solved until Zn was introduced. Reprinted with permission from ref 91.
Copyright 2012 American Chemical Society. (b) Steady-state photocurrent−potential responses for planar and nanowire Si photoelectrodes: (top)
dopant density ND = 4.8 × 1015 cm−3, and (bottom) dopant density ND = 7.8 × 1017 cm−3. Reprinted with permission from ref 89. Copyright 2010
American Chemical Society. (c) Comparison of the simulated current−voltage photoresponse under AM 1.5 (direct + circumsolar) illumination
from ﬁve diﬀerent high aspect ratio morphologies (I−V). Reprinted with permission from ref 39. Copyright 2012 The Royal Society of Chemistry.
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and surface optoelectronic properties, the bulk recombination
controls the Voc with the analytic expression shown in equation
3.39
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kB, Boltzmann’s constant; T, temperature; q, unsigned
charge of electron; μp, hole mobility; τp, hole lifetime; Jph,
photocurrent induced by illumination; ni, intrinsic carrier
concentration; Z(r0,w), eﬀective recombination area as deﬁned
by explicit integral over the eﬀective radius (r0) and edge of the
depletion region (w); Dp, hole diﬀusion constant; rdr,max, radial
position of maximum recombination rate in the depletion
region; ND, dopant concentration.
39
In n-type Si nanowire, an increase in the attainable Voc of
0.24 V per decade increase in Lp was predicted, but a slope of
0.06 V per decade change in Lp was obtained in planar n-type
Si photoelectrode. A direct comparison of the Voc between thin
nanowire and planar photoelectrode is not rigorously
applicable under all conditions, even the same exact
optoelectronic properties are given.39 Such diﬀerent Voc also
indicates the charge carrier generation in thin nanowire and
planar photoelectrode is diﬀerent. The charge carrier
generation always occurs in or immediately adjacent to the
depletion region in thin nanowire, while far away from the
depletion region in planar photoelectrode. In addition, the
shape of the photocurrent−potential response is very sensitive
to the surface recombination velocity (S) from 1 to 106 cm s−1
for the planar photoelectrode. Large values of S will lower the
overall energy conversion eﬃciency by diminution of Voc. In
contrast, such features of the photoresponses for n-type Si
nanowire shows insensitivity to the values of S.39 Overall, the
model described here provides the foundation for a
quantitative evaluation of the beneﬁts of nanowires for PEC
applications as compared to its planar counterpart when
appropriate optical electronic properties of the materials are
known or presumed.
Photostability is another important parameter when
developing nanowire for PEC applications. The high surface
area of nanowires relative to their bulk counterparts usually
introduce abundant surface defects as carrier trapping centers.
This could lead to the pinning of surface Fermi level and a
resultant band bending with a reduced photovoltage and
subsequently reduced PEC eﬃciency.94−96 These uncontrolled
surface processes can also induce photocorrosion, a decrease of
electric conductivity, and degradation of nanowire materials.96
Coupling catalysts with nanowires will facilitate the charge
transfer and a timely consumption of photogenerated carriers
to help improve the photostability, as will be discussed in
section 2.3. The passivation of the nanowire surface is another
eﬀective method to boost device eﬃciency and stabil-
ity.70,96−103 In the case of Si and III−V semiconductor
materials, thin ﬁlms of amorphous oxides such as TiO2 are very
successful in impeding the surface corrosion while allowing the
passage of high densities of photocurrents.70,98,99,101,103 These
oxide layers are also reported to increase the adhesion of the
deposited metal catalysts and prevent aggregation on Si’s
surface.98 Additionally, treating an electrode surface with 1,2-
ethanedithiol is reported to improve the separation and
lifetimes of photoexcited charge carriers thanks to the
suppression of surface oxygen-containing dangling bonds.96
Advanced strategies to expand the scope of surface passivation
for a broader range of semiconductor nanowires will deﬁnitely
beneﬁt the application of nanowires in PEC applications.
In general, the nanowire morphology does not automatically
guarantee a better PEC performance as compared to its bulk
counterparts, nor does it mean that we can neglect the intrinsic
properties of the semiconductor materials that were utilized.
To optimize a nanowire PEC device, the three important
eﬃciencies discussed in section 1.3, ηoptical, ηseparation, and ηechem,
must be considered and a suitable design strategy should be
applied. In the rest of this review, we examine the current
literature and provide additional thoughts toward an eﬀective
PEC device of nanowires.
2. FUNCTIONALIZED SEMICONDUCTOR NANOWIRES
FOR PHOTOELECTROCHEMISTRY
2.1. A Survey of Building Blocks in Photoelectrochemistry
To maximize the overall solar-to-energy eﬃciency, each step in
the PEC process, including the light absorption, charge
separation and transportation, and electrochemical reaction,
should be optimized.12,39,104 A semiconductor alone usually
Figure 4. (a) Schematic of light coabsorber with narrow bandgap to facilitate the light absorption for beneﬁting the eﬃciency of light absorption
(ηoptical). (b) Schematic of catalyst to provide sites for trapping the photogenerated carriers and mitigating their recombination, favoring the
eﬃciency of charge separation and transport to the semiconductor/electrolyte interface (ηseparation). At the same time, the catalyst could help to
overcome the kinetic barrier, enhancing the eﬃciency of electrochemical transformation (ηechem).
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may not possess the suitable properties for all of these steps,
which calls for the integration of other building blocks in
artiﬁcial photosynthesis with the use of nanowire morphol-
ogy.12,52,89 One type of the building blocks that may be needed
is additional light-absorbers, often dubbed as light coabsorbers
or photosensitizers, which can maximize the absorption of
incident photons (Figure 4a). Wide band gap semiconductors
such as TiO2 only absorb ultraviolet light that is only 4% of the
solar spectrum, which is not suﬃcient for high energy
eﬃciency.105,106 For semiconductors of indirect band gaps
such as hematite Fe2O3, the nature of their low absorption
coeﬃcients posts as a major challenge for higher eﬃ-
ciency.105,106 The introduction of coabsorbers will help to
address the challenges mentioned above. Another type of
useful building blocks are catalytic species, termed as catalysts,
that will accelerate the charge transfer at the interface between
semiconductors and electrolyte (Figure 4b). An eﬃcient PEC
device relies on the eﬃcient charge transfer of the accumulated
minority carriers without signiﬁcant recombination.39 Yet
many of half-reactions that are of interest to artiﬁcial
photosynthesis, such as water splitting or the reduction of
CO2, are multielectron multiproton reactions whose intrinsic
reactivity may not high on the semiconductors’ surface. This
requires the deposition of catalysts on the semiconductors’
surface to lower the kinetic barrier of electrochemical reactions
and maintain a large value of ηechem, leading to lowering the
eﬃciency of charge separation and transporting to the
semiconductor/electrolyte interface (ηseparation).
107 The follow-
ing sections describe the advances in the integration of
nanowires with both light-absorbers and catalysts. To assist the
discussion, we provide a few tables that summarize some
recent advances (Tables 2−5). In these tables, we not only
provide the information associated with the semiconductor
nanowires and loaded coabsorbers and catalysts but also list
the chemical reactions that are involved and their correspond-
ing PEC performances.
Table 2. Surface-Bonding Molecules as Light Coabsorbers in Nanowire Photoelectrochemical Cells
coabsorber nanowire
absorption
wavelength reaction electrolyte
J (potential)a/IPCEb
mA cm−2 (%)
FEc
(%)
EEd
(%) ref
merocyanine-540 dye InGaN 500−610 nm HER EDTA and acetonitrile NAe/NA NA NA 114
NH2-MIL-101 (Fe) Fe2O3:Ti 365−700 nm OER 1 M NaOH 2.27 (URHE = 1.23)/NA NA NA 115
NH2-MIL-125 TiO2 >420 nm OER 0.5 M Na2SO4 0.032 (URHE = 0.75)/NA NA NA 116
NH2-graphene QDs ZnO 400−620nm OER 0.5 M Na2SO4 0.34 (UAg/AgCl = 0.6)/∼0.5 NA 3.18 117
polythiophene TiO2 300−420nm OER 0.5 M Na2SO4 0.24 (UAg/AgCl = 0.6)/NA NA 0.11 118
aJ (potential), current density at one given potential. bIPCE, incident photon-to-current conversion eﬃciency. cFE, Faradaic eﬃciency. dEE, energy
eﬃciency. eNA, value was not available or determinable from presented data.
Figure 5. (a) Reaction mechanism of MC-540 dye-sensitized In0.25Ga0.75N/Rh nanowires. Reprinted with permission from ref 114. Copyright 2015
IOP Publishing Ltd. (b) Schematic of band level positions and charge transfer path of Fe2O3:Ti and MIL-101(Fe) heterojunctions. (c) UV−vis
spectra of Fe2O3:Ti, MIL-101 and their heterojunctions. (b,c) Reprinted with the permission from ref 115. Copyright 2018 Elsevier EV.
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2.2. Coupling Nanowires with Light Coabsorbers
Beneﬁting from the unique one-dimensional (1D) structure,
the light trapping ability of semiconductor nanowires can be
signiﬁcantly enhanced via multiple scattering, but light
absorption is ultimately determined by the bandgap of
semiconductor materials. Some commonly studied semi-
conductor materials for PEC applications, like TiO2 and
ZnO, can only absorb UV portions of the solar light. In light of
this, coabsorbers are generally used to widen the light
absorption spectrum in semiconductor nanowire PEC cells.
Multifarious photoresponsive coabsorbers have been applied in
the PEC systems, including organometallic dyes, plasmonic
metal nanoparticles, and narrow bandgap semiconductor
nanoparticles.
2.2.1. Surface Bound Molecules and Complexes. To
fully utilize solar energy, visible light that accounts for ∼50% of
the entire solar photons needs to be eﬃciently harvested. Dye
molecules can serve as the center of light absorption in visible
solar spectrum. Ruthenium complex was employed as a
photosensitizer in dye-sensitized solar cells in 1991.108
Anchored onto a semiconductor, dye molecules can eﬀectively
absorb visible photons and transfer photoexcited energetic
charge carriers to the semiconductor to realize eﬃcient charge
separation. Yang with their colleagues et al. developed the ﬁrst
nanowire dye-sensitized solar cell, which not only oﬀers fast
electron transport but also can improve quantum eﬃciency in
the red region of the solar spectrum.20 Dye-sensitized
conﬁguration has been recently applied in photoelectrochem-
ical catalysis.109−113 There are four main components in a dye-
sensitized photoelectrochemical catalysis system, i.e., visible
light absorbing sensitizer, oxidation catalyst, reduction catalyst,
and semiconductor electrode. Visible-light absorbing dye
molecules can be adsorbed onto the surface of the semi-
conductor and facilitate separation of photogenerated carriers
to drive catalytic reactions.111 Eﬃcient light absorption by
sensitizers requires an electrode with large surface area. Table 2
summarizes the surface-bonding dye molecules as light
coabsorbers in nanowire photoelectrochemical systems, for
example, InGaN nanowire photoelectrode could achieve a
much enhanced harness of deep-visible and near-infrared solar
photons via sensitization of merocyanine-540 dye (Figure
5a).114 The nanowire-based dye-sensitized systems shall oﬀer
great potentials for photoelectrochemical catalysis.
Besides dye molecules, some metal−organic frameworks
(MOFs) show excellent photoresponse to visible light resulting
from organic ligands or metal centers. Moreover, ligand
modiﬁcation of MOFs could tune the gaps between highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) to further change their optical
properties.116 As shown in Figure 5b,c, through ligand
connection, MOFs can form a heterojunction with semi-
conductor nanowires to promote light absorption and charge
kinetics.115 Liu et al. observed that photocurrent of nanowire
photoanode could be improved by nearly 100% under visible
light through sensitization with aminated MOFs.116 By
adjusting the metal center and/or organic ligand as the light-
absorbing center, various MOFs can be designed as promising
photosensitizers in nanowire photoelectrochemical systems.
Additionally, graphene quantum dots (QDs), that in one
aspect could be considered as a “molecular” photosensitizer,
could be covalently bonded on the surface of nanowires via
ligand modiﬁcation, which are able to greatly enhance visible-
light absorption of photoanodes.117 Photosensitive polymers
were also investigated as organic light absorbers and utilized in
nanowire-based photoelectrochemical cells.118
2.2.2. Metal Nanostructures. Plasmonic metal nano-
structures show distinctive light absorption properties resulting
from localized surface plasmon resonance eﬀect. When
Figure 6. (a) Normalized extinction spectra of spherical Ag (38 ± 12 nm), Au (25 ± 5 nm), and Cu (133 ± 23 nm) nanoparticles and intensity of
solar radiation (black dots). Reprinted with permission from ref 119. Copyright 2011 Macmillan Publishers Limited. (b) Schematic of Au
nanoparticles as plasmonic photosensitizer in CdS-Au-TiO2 sandwiched nanorod photoelectrode. (c) UV−vis absorption spectra of CdS-TiO2
nanorod arrays with and without Au nanoparticles. (b,c) Reproduced with permission from ref 122. Copyright 2014 American Chemical Society.
(d) Schematic illustration depicting the mechanism of Aux sensitized photoelectrochemical cell under simulated solar light irradiation. Reproduced
with permission from ref 126. Copyright 2015 John Wiley & Sons, Inc.
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incident photon frequency matches with the inherent
frequency of collective oscillation of free electrons (on the
surface of metal nanostructures) against the restoring force of
positive nuclei, surface plasmon resonance is created119 which
will give rise to intensive and highly localized electromagnetic
ﬁeld in metal nanostructures, manifesting as greatly enhanced
light absorption at speciﬁc wavelength as shown in Figure 6a.
The resonant wavelength and intensity are dependent on the
nature of metal, together with the size and shape of the metal
nanostructures. By manipulating composition, shape, and size
of plasmonic nanostructures, the plasmonic bands can be
tuned from visible to near-IR region, and thus it is possible to
design multiple metallic nanostructures serving as light
absorbers to harvest solar photons.119 It has been demon-
strated that Ag and Au nanoparticles can signiﬁcantly improve
light absorption and charge kinetics via plasmonic eﬀect in
nanowire PEC cells.120−122 Following light absorption,
electrons from the occupied states are stimulated above the
Fermi level to transform into hot-electrons, which with
adequate and suitable energies can be utilized for catalysis.
Rapid hot-electron separation before charge recombination is
the key to achieve high energy conversion eﬃciency.123,124
Hot-electrons can be injected into semiconductors following a
similar mechanism such as dye sensitization. When attached to
a semiconductor photoelectrode, plasmonic metal nanostruc-
tures absorb resonant photons and deliver the photoexcited
electrons to the neighboring semiconductor for an increased
optical response in a wide spectral range. Table 3 summarizes
the metal nanostructures used as light absorbers to improve
light absorption in nanowire-based PEC systems. For example,
in a CdS-Au-TiO2 sandwiched nanorod photoelectrode, Au
nanoparticles act as the plasmonic photosensitizer to extend
light absorption from visible to near-infrared (Figure 6b,c).122
A roughly 30-times enhancement of reaction rate for water
oxidation could be obtained after a 1.0 wt % Au nanoparticles
decorated on BiFeO3 nanowires suspension system.
125 Despite
such promising properties, current research has only witnessed
a limited numbers of metallic plasmonic nanostructures used in
PEC systems, with limited variations in composition, size, and
shape of the metallic nanostructures. This should be one of the
aspects that should be addressed in future research in order to
broaden the spectral response and increase the eﬃciency of
charge separation for photoexcited hot-electrons. We posit that
tuning the composition, size, and shape of plasmonic
nanostructures will increase the solar energy utilization
eﬃciency in photoelectrochemistry.119
Another interesting aspect of the light coabsorbers is the
convergence between metallic nanostructures and molecular
Table 3. Metallic Nanostructures as Light Coabsorbers in Nanowire-Based Photoelectrochemical Cells
coabsorber nanowire
absorption
wavelength reaction electrolyte
J (potential)a/IPCEb
mA cm−2 (%)
FEc
(%)
EEd
(%) ref
Au nanoparticles ZnO >420 nm OER 0.5 M Na2SO4 0.3 (UAg/AgCl = 1.0)/NA
e 69 NA 120
Ag@Ag3(PO4)1−x
nanoparticles
ZnO 300−590 nm OER 0.5 M Na2SO4 3.1 (UPt = 0.6)/60 NA 2 121
Au nanohole array α-Fe2O3 300−675 nm OER 1 M NaOH ∼0.95 (UAg/AgCl = 0.23)/17.4 NA NA 62
Au nanoparticles/Au
nanorods
TiO2 300−800 nm OER 1 M NaOH NA/∼0.014 NA NA 128
Au nanoparticles Si@α-Fe2O3 350−1100 nm OER 1 M NaOH/Na3PO4 2.60 (UPt = 0)/12 NA 6 129
Ag nanoparticles ZnO 400−800 nm OER 0.5 M Na2SO4 1.8 (UAg/AgCl = 0)/3.9 NA NA 130
Au interlayer CdS 400−625 nm water
splitting
0.2 M Na2S/1 M Na2SO3 10.5 (UAg/AgCl = 0)/∼30 NA NA 131
Au@CdS nanoparticles TiO2 525−725 nm water
splitting
0.35 M Na2SO3/0.25 M Na2S 4.07 (UAg/AgCl = 0)/85 NA 2.8 122
Ag@Ag2S nanoparticles Ti@TiO2 300−650 nm water
splitting
1 M NaOH 0.089 (UPt = 0.2)/NA NA NA 132
Au nanoparticles 3D ZnO 300−750 nm OER 0.5 M Na2SO4 4.07 (URHE = 1)/∼5.5 NA 0.52 133
Ag nanoparticles Si@PEDOT 350−875 nm water
splitting
pH = 1,
H2SO4 + water/methanol
6.6 (USCE = 0)/40 NA 2.86 134
Au@SiO2 nanoparticles Cu2O 400−600 nm HER 0.1 M Na2SO4 −29 (URHE = 0)/∼0.45 NA NA 135
Aux nanoclusters TiO2 200−600 nm OER 0.1 M Na2S ∼0.15 (UAg/AgCl = 0)/NA NA NA 126
Au nanoparticles ZnO/ZnS
core−shell
NA OER 0.5 M Na2SO4 0.58 (UAg/AgCl = 1)/NA NA 0.21 136
Au3Cu nanoparticles silicon NA CO2
reduction
0.1 M KHCO3 2.2 (URHE = −0.2)/NA 80 NA 81
Cu nanoparticles GaN NA CO2
reduction
0.5 M KHCO3 44.9 (UAg/AgCl = −1.5)/NA 19 NA 137
Ag nanoparticles ZnO/CdS
core−shell
375−550 nm OER 0.25 M Na2S/0.35 M Na2SO3 ∼4 (USCE = 0)/∼22 NA 3.13 138
Au nanoparticles ZnO/Al2O3
core−shell
NA OER 0.5 M Na2SO4 0.512 (UAg/AgCl = 1)/NA NA 0.67 139
Au nanoparticles 3D TiO2 400−700 nm OER 1 M NaOH 2.69 (USCE = 0)/NA NA NA 140
Aux nanoclusters ZnO 300−450 nm OER 0.5 M Na2SO4 ∼0.8 (URHE = 1.2)/NA NA NA 127
Au nanoparticles BiVO4/ZnO 400−550 nm OER pH = 7.2, 0.5 M PBS 2.87 (URHE = 1.23)/40 NA NA 141
Au nanostars TiO2 400−800 nm OER 1 M NaOH 0.95 (UNHE = 1)/0.4 NA NA 142
Ni nanoparticles H-TiO2 300−500 nm OER 1 M KOH 0.165 (UAg/AgCl = 0.23)/7.5 NA NA 143
Ag nanoparticles NaNbO3 NA OER 0.5 M NaOH 3.54 (UAg/AgCl = 0.9)/NA NA NA 144
Au@SiO2 nanoparticles α-Fe2O3 NA OER 0.5 M Na2SO4 ∼0.1 (URHE = 0.8)/∼0.03 NA NA 145
aJ (potential), current density at one given potential. bIPCE, incident photon-to-current conversion eﬃciency. cFE, Faradaic eﬃciency. dEE, energy
eﬃciency. eNA, value was not available or determinable from presented data.
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photosensitizers at the subnanometer scale. When the size of
metal nanostructures reduces to subnanometers, these metal
nanostructures, usually termed as metal (nano)clusters, exhibit
well-deﬁned optical responses that resemble more the
molecular photosensitizers. The properties of these nano-
clusters change from metallic to semiconductive with well-
deﬁned HOMO−LUMO gaps. Serving as a photosensitizer,
metal clusters can be photoexcited under visible light
illumination and thus generate electron−hole pairs. Liu et al.
demonstrated that photogenerated electrons from Aux clusters
could be readily injected into the conduction band of TiO2 to
realize eﬃcient charge separation (Figure 6d).126 Metal
nanocluster sensitization has already been applied in nano-
wire-based photoelectrochemical systems.127
2.2.3. Semiconductor Nanoparticles. Semiconductor−
semiconductor junctions oﬀer another class of hybrid
structures to enhance light absorption. Since the discovery of
the photosensitization eﬀect in TiO2 electrode during water
electrolysis, the research of hybrid semiconductor systems for
photo(electro)catalysis has made tremendous pro-
gress.38,146,147 To remedy the limited light absorption of a
single semiconductor material in photoelectrochemistry, semi-
conductor heterojunctions are constructed. Semiconductor−
semiconductor junctions can be used to extend the light
absorption range and at the same time improve the eﬃcacy of
electron−hole separation for the photogenerated carriers.148
By virtue of the high aspect ratio of nanowires, semiconductor
nanoparticles can be easily deposited on the surface of
nanowires. Owing to their diﬀerences in the ﬂat-band
potentials and band structures, a variety of models for the
band alignments with diﬀerent terminologies, such as semi-
conductor sensitization, type II, phase junction, and Z-scheme,
can be established when semiconductor nanoparticles are
interfaced with semiconductor nanowires.148 If both semi-
conductor components are photoexcitable, semiconductor
nanoparticles with a suitable energy band can form favorable
band alignments with the nanowires. Such a conﬁguration can
eﬀectively broaden the spectral response of light absorption
and promote charge separation. One example that illustrates
the above concept is the decoration of ZnFe2O4 (ZFO)
nanoparticles on ZnO/CdS nanorods (Figure 7a,b).149 Here,
the favorable band alignment among these semiconductors
leads to eﬀective light absorption as well as eﬃcient charge
separation, which provides a much higher photocurrent density
under simulated sunlight. Additional examples for the use of
Figure 7. (a) Schematic of the ZFO/CdS/ZnO nanorod array photoanode. (b) UV−vis diﬀuse reﬂectance spectra of ZFO/CdS/ZnO
photoanodes. (a,b) Reproduced with permission from ref 149. Copyright 2016 Elsevier Ltd. (c) Schematic of ZnO nanowires decorated with CdTe
QDs and the corresponding charge-transfer pathway. (d) IPCE spectra of pristine ZnO nanowire photoelectrode and CdTe QDs sensitized ZnO
nanowire photoelectrode in the wavelength region of 350−600 nm at a potential of 0 V versus Ag/AgCl. (c,d) Reproduced with permission from
ref 61. Copyright 2010 John Wiley & Sons, Inc. (e) Cadmium chalcogenide QDs modiﬁed photoelectrolysis cell system constructed with CdS
QDs-TiO2 nanorod photoanode and CdSe QDs-NiO nanosheet photocathode. (f) Energy band diagram of the QDs sensitized unassisted
photoelectrolysis cell. (e,f) Reproduced with permission from ref 150. Copyright 2014 American Chemical Society.
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semiconductor nanostructures as light absorbers in nanowire
PEC systems can be found in Table 4.
On the other hand, when only one of the semiconductors in
the PEC system is photoexcitable, photogenerated charge
carriers may transfer to the unexcited semiconductor via a
sensitization process. Chalcogenide semiconductor QDs
possess tunable optical properties over a wide spectrum
resulting from the quantum conﬁnement eﬀect, making these
QDs promising for solar light harvesting.151 For example, Chen
et al. reported that CdS and CdSe QDs, acting like dye
sensitizers, could be stimulated to generate electron−hole pairs
under light irradiation as shown in Figure 7c.61 Here,
photogenerated electrons could transfer to the conduction
band of adjacent semiconductor nanowires for an enhanced
eﬃciency of solar-driven catalysis such as water-splitting
(Figure 7e,f).61,150 Mi et al. reported that GaN nanowires
loaded with doped InGaN segments can proceed through
eﬃcient CO2 reduction and water-splitting reactions under
solar illumination.152,153 Here, one additional beneﬁts is the
tunable band gap of the loaded InGaN based on diﬀerent
synthetic recipes, which can absorb photons from the whole
solar spectrum if needed.
2.3. Coupling Nanowires with Catalysts for Chemical
Reactions
Diﬀerent from the coabsorbers or sensitizers to facilitate the
light absorption, catalysts are combined with nanowires to
boost the half-reactions of oxidation and reduction and
suppress the possible charge recombination and reverse
reactions at the semiconductors’ surface.107 Generally, catalysts
are considered to lower the activation energy of the catalytic
reactions and facilitate the charge transfer of the photo-
generated carriers. In addition, thanks to the timely
consumption of photogenerated carriers, especially the holes,
the catalysts could help to improve the photostability of
nanowires if that is an issue.107 The catalysts are usually
classiﬁed into three categories: molecular/cluster catalysts,
inorganic materials, and biological entities (Table 5).
2.3.1. Molecular/Cluster as Catalysts. The molecular/
cluster catalysts with earth-abundant elements always possess
the advantages of deﬁnite and designable structures, tunable
redox properties, and potential links to material surface,169
rendering them suitable as catalysts for nanowires.80,87,170−174
However, as these catalysts seem to be less stable under
oxidative environment,169 they are more often applied to
photocathodes rather than photoanodes. At the photocathode,
Si is the most popular semiconductor material that has so far
Table 4. Semiconductor Nanoparticles as Light Coabsorbers in Nanowire Photoelectrochemical Cells
coabsorber nanowire
absorption
wavelength reaction electrolyte
J (potential)a/IPCEb
mA cm−2 (%)
FEc
(%)
EEd
(%) ref
CdTe QDs ZnO 350−550 nm OER 0.5 M Na2SO4 2 (UAg/AgCl = 1)/NAe NA 1.83 61
CdS QDs/CdSe
QDs
ZnO 310−650 nm HER 0.25 M Na2S/0.35 M Na2SO3 12 (UAg/AgCl = 0.4)/45 NA NA 154
CdSe QDs TiO2 350−600 nm HER 0.25 M Na2S/0.35 M Na2SO3 2.75 (UAg/AgCl = −0.4)/6 NA NA 151
CdS QDs TiO2 375−600 nm OER 1 M Na2S 5.778 (UAg/AgCl = 0)/∼20 NA NA 155
CdS QDs TiO2 350−550 nm HER 0.25 M Na2S/0.35 M Na2SO3 7.2 (URHE = 0.5)/76 NA NA 156
CdS QDs TiO2 NA water
splitting
0.25 M Na2S/0.35 M Na2SO3 0.2 (UAg/AgCl = 0.5)/NA NA NA 157
CdS QDs/CdSe
QDs
ZnO 300−750 nm water
splitting
0.25 M Na2S/0.35 M Na2SO3 13.9 (URHE = 0.6)/∼80 100 NA 158
W:BiVO4 WO3 300−515 nm OER pH = 8, 0.5 M K3PO4 3.1 (URHE = 1.23)/∼60 79 NA 64
(W,Mo)-BiVO4 WO3 300−500 nm OER 0.5 M K2SO4 5.35 (URHE = 1.23)/∼90 96.21 NA 159
CdS QDs/CdSe
QDs
TiO2 350−630 nm water
splitting
0.5 M Na2SO4 0.19 (UAg/AgCl = 0)/NA 95 0.17 150
Au@CdS
nanoparticles
TiO2 300−525 nm water
splitting
0.35 M Na2SO3/0.25 M Na2S 4.07 (UAg/AgCl = 0)/85 NA 2.8 122
Ag@Ag2S
nanoparticles
Ti@
TiO2
300−650 nm water
splitting
1 M NaOH 0.089 (UPt = 0.2)/NA NA NA 132
CdSe QDs TiO2 300−800 nm OER 1 M NaOH ∼0.07 (URHE = 0.5)/0.45 NA NA 160
CuInS2 QDs TiO2 350−700 nm OER 0.5 M Na2S, 2 M S, 0.2 M KCl 2.85 (UAg/AgCl = 0)/18 NA NA 161
Au@CdS
nanoparticles
ZnO 350−700 nm HER 0.25 M Na2S/0.35 M Na2SO3 0.273 (UAg/AgCl = 0)/14.8 NA NA 162
CdS QDs/Co-Pi TiO2 200−550 nm OER pH = 7, 0.1 M Na3PO4 0.69 (UAg/AgCl = 0.6)/∼80 NA 0.48 59
Bi2MoO6
nanosheets
ZnO visible light OER pH = 7, 0.2 M Na2SO4 0.11 (USCE = 0.6)/NA NA NA 163
Cu/ZnO
nanosheets
GaN NA CO2
reduction
0.5 M KHCO3 10 (URHE = 0.6)/5.12 NA NA 82
rGO/NiFe-LDH TiO2 250−600 nm OER 0.5 M Na2SO4 1.74 (USCE = 0.6)/5.12 NA 0.58 164
ZnFe2O4
nanoparticles
ZnO/
CdS
350−800 nm OER 0.5 M Na2S 3.88 (UAg/AgCl = 0)/NA NA 4.43 149
ZnFe2O4 TiO2 300−600 nm OER 1 M KOH 0.7 (URHE = 1.0)/NA NA 0.31 165
g-C3N4 QDs TiO2 350−450 nm OER 1 M KOH 3.40 (URHE = 0)/75 NA NA 166
zeolite CPM-121 TiO2 300−600 nm OER 0.5 M Na2SO4 0.055 (URHE = 1.0)/NA NA NA 167
1T-MoS2
nanosheets
TiO2 220−800 nm OER 0.5 M Na2SO4 2.4 (UAg/AgCl = 1.2)/NA NA 0.81 168
aJ (potential), current density at one given potential. bIPCE, incident photon-to-current conversion eﬃciency. cFE, Faradaic eﬃciency. dEE, energy
eﬃciency. eNA, value was not available or determinable from presented data.
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Table 5. Diﬀerent Kinds of Catalysts Coupled with Semiconductor Nanowires for Various PEC Reactions
catalyst nanowire
absorption
wavelength reaction electrolyte
J (potential)a/IPCEb
mA cm−2 (%)
FEc
(%)
EEd
(%) ref
Mo3S4 cluster Si >620 nm HER 1 M HClO4 9 (URHE = 0)/93 NA
e 10 170
Mn-based complex Si >600 nm CO2
reduction
CH3CN + 5% v/v H2O NA/NA 0.35 3 80
Pt nanoparticle Si NA HER 0.5 M H2SO4 7 (URHE = 0)/NA NA NA 70
Au3Cu nanoparticle Si 740 nm CO2
reduction
0.1 M KHCO3 2.75 (URHE = −0.2)/NA 80 NA 81
Ru ﬁlm InP NA HER 1 M HClO4 37 (short circuit)/NA NA 14 42
Sn nanoparticle Si NA CO2
reduction
0.1 M KHCO3 NA/NA 40 NA 77
Cu nanoparticle GaN/Si NA CO2
reduction
0.5 M KHCO3 44.9 (UAg/AgCl = −1.5)/NA 19 NA 137
NiRuOx Si NA OER (pH = 7.2) PBS 1.36 (URHE = 1.23)/NA NA NA 180
CoTiOx Ta3N5/Si <590 nm OER 0.1 M KOH 2.6 (URHE = 1.23)/NA NA NA 66
MoS2 layers TiO2/Si NA HER 0.5 M H2SO4 15 (URHE = 0)/NA 100 NA 72
MoS3 nanoparticle InP NA HER 1 M HClO4 NA/NA NA 6.4 73
NiCoSex Si NA HER 0.5 M H2SO4 37.5 (URHE = 0)/NA NA NA 184
FeP Si NA HER (pH = 1) 0.5 M K2SO4 13.9 (short circuit)/NA 100 2.64 188
Co−P nanoparticle Si NA HER (pH = 1) 0.5 M K2SO4 18.2 (URHE = 0)/NA NA NA 185
Ni12P5 nanoparticle Si NA HER (pH = 1) 0.5 M K2SO4 21 (short circuit)/NA NA 2.98 186
ZnFe-LDH nanosheet TiO2 NA OER 0.5 M Na2SO4 1.51 (URHE = 1.23)/4.86 100 NA 191
NiFe-LDH nanoplatelet TiO2 NA OER 0.5 M Na2SO4 1.74 (USCE = 0.6)/5.12 NA 0.58 164
CoB nanoparticle Si NA HER (pH = 7) PBS 19.5 (URHE = 0)/NA 95 2.46 190
N-doped graphene
quantum sheet
Si NA CO2
reduction
0.1 M TBAH in acetonitrile 7.07 (UAg/Ag+ = −2.5)/NA 95 NA 193
bacterium S. ovata Si NA CO2
reduction
(pH = 6.3 ∼ 6.7) brackish
water solution
NA/NA 90 0.38 34
aJ (potential), current density at one given potential. bIPCE, incident photon-to-current conversion eﬃciency. cFE, Faradaic eﬃciency. dEE, energy
eﬃciency. eNA, value was not available or determinable from presented data.
Figure 8. (a) Schematic of the tandem chemical solar cell. Pillars are embedded in a proton conducting membrane. The anode absorbed the blue
part of the solar spectrum for oxidizing water into molecular oxygen and protons. The protons migrate through the membrane and are reduced at
the cathode side by Mo3S4 clusters adsorbed on the Si pillars, which are excited by the red part of the spectrum. (b) Steady-state current density−
voltage (left axis) and calculated IPCE (right axis) for planar and pillared Si with/without Mo3S4 clusters. The almost horizontal dashed lines
denote the current measured in darkness. (a,b) Reprinted with permission from ref 170. Copyright 2011 Nature Publishing Group. (c) Schematic
illustration for the synergystic eﬀect of the CdS/ZnS heterojunction and the water-soluble nickel−salen cocatalyst for enhanced photocatalytic H2
production. (d) The time courses of H2 production (black dot and line) and apparent quantum yield (AQY) (blue bar) over complex 3/CdS/ZnS
nanorods photocatalyst. (c,d) Reprinted with permission from ref 171. Copyright 2016 John Wiley & Sons, Inc.
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been studied, thanks to its low band gap (1.1 eV), high carrier
mobility, long lifetime of photoexcited carriers, and commer-
cial availability.9 One of the most common applications for Si
nanowires as a photocathode is solar-powered proton
reduction into dihydrogen.9 An incomplete cubane-like
Mo3S4 cluster has been coupled with a Si nanopillar as a
photocathode to catalyze the hydrogen evolution reaction
(HER) (Figure 8a,b).170 Here, the Mo3S4 cluster as the
catalyst exhibited structural similarity to the building block
commonly found in enzymatic cofactors, which are excellent
HER catalysts. Under low intensity of light illumination, the
onset of photocurrent shifted to more positive potential with
the addition of the Mo3S4 cluster as compared to that of the
naked Si pillar. Moreover, the current density at the reversible
hydrogen evolution potential reaches 9 mA cm−2, which is the
highest among the naked planar Si, Mo3S4 cluster modiﬁed
planar Si, and naked Si pillar (Figure 8b). The authors claim
that the current density can match the requirement of a PEC
hydrogen production system with a solar-to-hydrogen
eﬃciency in excess of 10%. Another study also investigated
the eﬀect of the loading amount of molybdenum−sulfur (MS)
cluster on the PEC performance over the Si nanowire.172 It is
found that increasing the MS cluster content will positively
shift the onset of photocurrent while decreasing the limiting
photocurrent. This is due to the partial overlapping of light
absorption range between Si nanowire and MS cluster,
reducing the incident photon utilization by Si nanowire.
In addition to the HER system, molecular/cluster catalysts
can be coupled with nanowires for CO2 reduction. Three kinds
of Mn-based carbonyl bipyridyl complexes were tested as
molecular catalysts on Si nanowires.80 Toward the CO2
reduction to CO happened in CH3CN + 5% H2O (v/v), all
nanowire samples loaded with Mn-based complex exhibited
higher performance over their planar counterparts in terms of
the ﬁll factor and energy eﬃciency for the device. Ru clusters as
catalyst were also loaded on the surface of GaN nanowires to
assist the reduction of N2 under light illumination.
87 The GaN
nanowires exhibited a much higher stability when loaded with
ultrasmall Ru subnanostructures at high loading density (ca.
1017 m−2). The authors proposed that the Schottky junction at
the metal/semiconductor interface possess a barrier height of
0.94 eV, which can facilitate the transfer of photogenerated
electrons from GaN nanowires into the Ru clusters. The Ru
species accumulated with photoexcited electrons are supposed
to promote the cleavage of NN bonds and achieve nitrogen
ﬁxation at low temperature.
Molecular catalysts are also introduced to the systems that
include semiconductor nanowires added with semiconductor
light coabsorbers. The addition of both catalyst and
coabsorbers provides a viable approach for device optimiza-
tion, as shown in the case of core−shell CdS/ZnS nanorod
heterojunctions loaded with a nickel−salen molecular catalyst
for solar-driven HER (Figure 8c).171 The CdS/ZnS hetero-
junction facilitates the charge separation with possibly minimal
charge recombination. The NiII/NiI redox couple in nickel−
salen received the photogenerated carriers and performed
catalytic proton reduction. The synergy between the nickel−
salen molecular catalyst and the CdS/ZnS heterojunction
results in a quantum eﬃciency up to 58.3% for hydrogen
production during a 7 h irradiation of visible light, as compared
to the eﬃciency of 16.8% when the catalyst was not included
(Figure 8d).
2.3.2. Inorganic Materials as Catalysts. Inorganic
materials are the type of catalyst that has gained much when
coupling with nanowires for PEC applications. Both photo-
cathodes and photoanodes can employ various inorganic
materials to boost the catalytic performance, thanks to their
tunable structural and electronic properties, as well as the
recent advances in inorganic electrochemical catalysis.175,176
Precious metals such as Pt are still widely applied for many
electrochemical reactions.42,69−71,81,83,177,178 In the case of
nanowire photocathode, Pt is the widely used catalyst for
hydrogen evolution with Si, GaN, and GaP semiconductor
nanowires.69−71,178 Because of the high cost of Pt, it is
worthwhile to investigate the lower bounds of Pt loading on
nanowires under the desirable charge ﬂux for practical
applications. A highly conformal coating of Pt nanoparticles
with tunable sizes between 0.5 and 3 nm was loaded onto Si
nanowire array by atomic layer deposition (ALD) to precisely
control the mass loading.70 When one cycle of Pt was
deposited on a Si nanowire’s surface via ALD technique, a
surface mass loading of ∼10 ng cm−2 was achieved and ﬁnely
distributed Pt nanoparticles smaller than 1 nm were observed
on the nanowire’s surface. Despite such a small loading amount
of Pt, the deposited nanowire photocathodes still provided the
necessary charge ﬂux for solar-to-hydrogen conversion and
therefore quantitatively determines the lower limits of Pt
catalysts on high surface area nanowire photoelectrodes. This
work presents a general approach for minimizing the cost of
precious metal catalysts for eﬃcient and aﬀordable solar-to-fuel
applications. Precious metals have also been combined with
nanowires for solar-powered reduction of CO2. Guided by the
one-dimensional geometry of Si nanowires, well-dispersed
assembly of Au3Cu nanoparticles on their surfaces was
realized.81 The Si nanowires decorated with Au3Cu nano-
particles exhibited high CO2-to-CO selectivity of about 80% at
−0.2 V vs reversible hydrogen electrode (RHE), and the
selectivity toward HER has been largely suppressed. Thanks to
the optimized spatial arrangement of Au3Cu nanoparticles on
the nanowire arrays, the overpotential for CO2-to-CO
conversion has been reduced by 120 mV as compared to
that on a planar counterpart. The Pt nanoparticles can also be
utilized somewhat as catalyst to drive the CO2 reduction. By
loading Pt nanoparticles onto GaN nanowire arrays, not only
the CO2 reduction rate can be increased but also the
production selectivity can be switched from CO to CH4.
The photoreduction rate of CO2 to CH4 can reach ∼14.8 μmol
gcat
−1 h−1 when Pt nanoparticles were on the lateral m-plane
surfaces of GaN nanowires, which is almost an order of
magnitude higher than that measured on naked nanowire
arrays with CO as the dominant product.83
To deviate from the disadvantages of high cost and low
elemental abundance of precious metals, nanowires have been
integrated with a large variety of earth-abundant catalysts,
including transition metals,77,82,137,179 metal oxide,66,180 metal
chalcogenides,72,73,181−184 metal phosphides or phos-
phates,185−188 metal nitrides,189 metal borides,190 metal
hydroxides,164,191 and metal-free materials.192,193 Among the
possible half-reactions that will be of interest to artiﬁcial
photosynthesis, the reduction of CO2 and N2 as well as the
oxidation of water demand more assistance with the
introduction of catalysts due to their sluggish kinetics.175,176
Moreover, sometimes two diﬀerent sorts of inorganic materials,
instead of one, were introduced with nanowires in the hope of
obtaining certain synergistic eﬀects among the nanowires and
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catalysts. For example, InP nanopillars were integrated with
TiO2 thin ﬁlm and Cu nanoparticles together (Figure 9a).
179
In this case, the Cu nanoparticles provide the active sites for
the reduction of CO2 into methanol. Yet interestingly, the
coated TiO2 layer not only provided a stable photocatalytic
surface but also is proposed to stabilize the CO2
−
intermediates on the O vacancy active sites and further
increase the selectivity and yield of methanol transformed from
CO2 (Figure 9b). In another case, two-dimensional ZnO
nanosheets and zero-dimensional Cu nanoparticles were both
deposited onto GaN nanowires as dual catalysts to synergisti-
cally catalyze CO2 and H2O reduction to syngas with high
eﬃciency (Figure 9c).82 The CO/H2 ratio in the syngas
products could be tuned by the Cu-ZnO catalysts into a large
range between 2:1 and 1:4 with a total Faradaic eﬃciency close
to unity (Figure 9d). It was proposed that the complementary
chemical properties between Cu and ZnO lead to unique
reaction pathways that were not feasible when only one of
these two catalysts were added.
Inorganic materials have been interfaced with nanowires for
solar-powered wastewater treatment. The degradation of
atrazine, a typical herbicide found in both surface and ground
waters, was achieved with Pd4S nanoparticles as the photo-
catalyst decorated with Bi2S3 nanorods.
183 Under visible light
irradiation, Pd4S nanoparticles facilitate the charge separation
and the delivery of photogenerated carriers into Bi2S3
nanorods, which serve as active sites with the formation of
hydroxyl radicals for organic decomposition. Pd-decorated Si
nanowires were used as photocathode couplings for light-
powered reduction of Cr(VI), a potent toxicant in water. Then
98.7% Cr(VI) was eﬃciently reduced under visible light
illumination within 8 h thanks to the use of Pd nanoparticles as
the catalysts.177
Inorganic materials as catalysts were also frequently coupled
with nanowire light-absorbers in the particulate conﬁguration
for photocatalytic reactions.194−198 Pt nanoparticles have been
deposited on CdS nanowires for the application of photo-
catalytic H2 generation. The yielded Pt/CdS photocatalysts
contained 0.3 wt % of Pt nanoparticles with the size of about 1
−2 nm, and displayed promising photocatalytic activity with a
1.49 mmol h−1 rate of H2 production rate and a quantum
eﬃciency of 61.7%.194 Two-dimensional MoS2 were incorpo-
rated onto TiO2 nanowires for photocatalytic HER under
visible light. With a few layers of MoS2 on porous nanowires of
TiO2, the core−shell hybrid structure was photocatalytically
active with a H2-generating rate of 16.7 mmol h
−1 g−1.195 Last,
Zn0.5Cd0.5S nanorods as photocatalysts were decorated with
CoP nanoparticles and exhibited a photocatalytic activity that
was not only 20 times higher than that of pure Zn0.5Cd0.5S
sample but also two times higher than the Zn0.5Cd0.5S sample
loaded with Pt.196 The caveat here is to ensure a suitable
loading amount of CoP so that the catalytic proton reduction
was facilitated but the competitive light absorption from CoP
was minimized.
2.3.3. Biological Moieties as Catalysts. Biological
entities including enzymatic catalysts or whole cells often
exhibit high selectivity toward a speciﬁc reaction process.199
However, they displayed at most moderate solar-to-energy
eﬃciency at about 0.5% to 2.0%, which is dwarfed by the
values up to 20% that can be achieved by inorganic
semiconductors.199 We postulate that an inorganic−biological
hybrid that combines semiconductor light-absorbers with
biological catalysts can take the strengths of both and achieve
an eﬃcient and selective process of artiﬁcial photosyn-
thesis.33,199,200 The ﬁrst step toward such an integration is to
investigate the interactions between the inorganic and
biological components at the microscopic level. A Si nanowire
array was applied as a real-time imaging platform at the single-
cell level to study the interactions between Si nanowires and
Shewanella oneidensis MR-1, a Gram-negative facultative
bacterium that was known to facilitate charge transfer with
inorganic materials.201 The presence of the nanowire array was
Figure 9. (a) Schematic diagram of TiO2-passivated InP nanopillars with Cu cocatalyst nanoparticles. (b) Faraday eﬃciencies of methanol
production for bare InP, InP/Cu, and InP/TiO2/Cu. (a,b) Reprinted with permission from ref 179. Copyright 2015 American Chemical Society.
(c) Schematic for the design of Cu-ZnO/GaN/n+-p Si photocathode to synergically catalyze CO2 and H2O reduction to syngas. (d) Faradaic
eﬃciencies for CO (gray bars) and H2 (red bars) of Cu-ZnO/GaN/n
+-p Si photocathode as a function of potential. (c,d) Reprinted with
permission from ref 82. Copyright 2016 John Wiley & Sons, Inc.
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recognized by the S. oneidensis MR-1 and modiﬁed the
swimming patterns of the microbes as well as the early stage
attachment between the nanowire and bacteria.201 The
physical interaction between bacterial and nanostructures was
also sensitive to the parameters of the local environment,
including the ionic strength of the electrolyte and the gas
pressure in the headspace. Researchers have studied the
interactions between the nanowire array and the Sporomusa
ovata,202 a bioelectrochemically active bacterium that has been
reported to ﬁx CO2 into acetic acid with the supply of
electricity from an electrode.203 At high ionic strength or
hydrostatic pressure, S. ovata formed vertically aligned
ﬁlamentous cells parallel to the nanowires. Such observation
indicates that the local environment with the presence of
nanowire should be considered in order to interface nanowires
with biocatalysts with good compatibility.
Integrating semiconductor nanowires with S. ovata led to the
a solar-powered device that reduces CO2 into acetic acid with
high selectivity (Figure 10a,b).34 Here the nanowire
morphology provided a large surface area to accommodate S.
ovata as the catalyst. Under solar irradiation, the photo-
generated carriers in Si was directly transferred to S. ovata,
whose enzymes in the Wood−Ljungdahl pathway204 take these
carriers as reducing equivalents and ﬁx CO2 into acetic acid.
This inorganic−biological hybrid system showed a low
overpotential of CO2 ﬁxation (η < 200 mV), high Faradaic
eﬃciency (up to 90%), and decent long-term stability (up to
200 h). The yielded acetate, at a titer of about 6 g·L−1, can be
further upgraded by genetically engineered Escherichia coli for a
number of value-added chemicals including n-butanol,
polyhydroxybutyrate, and three diﬀerent isoprenoid natural
products (Figure 10c). In this study, there is one additional
beneﬁt for the nanowire array. As S. ovata is a strictly anaerobic
bacteria that cannot tolerate ambient air, an integration
between a planar photoelectrode and S. ovata cannot function
in an aerobic environment such as the air. As stated above,
nanowire array as a porous electrode can control the mass
transport of redox active species within the wire array. The
nanowire array depleted the O2 diﬀused from the air and
created a local anaerobic environment suitable for S. ovata,
which was not possible with a planar photoelectrode. Thanks
to such a locally anaerobic region in the nanowire array, the
integrated system is capable of housing S. ovata and facilitate
the solar-powered device of CO2 ﬁxation in air. This
demonstrates that a proper design with the use of nanowires
can provide additional synergistic eﬀect that may not be
possible for individual components.
Besides the utilization of biological entities in inorganic−
biological hybrids for enhancing the PEC eﬃciency of
nanowires, the PEC process within nanowire could be used
for probing and modulation of cellular interface and
activity.205−207 The potential beneﬁts of nanowire discussed
in section 1.4 could be applicable here. The light-trapping
eﬀect and enhanced charge separation eﬃcacy of nanowires
Figure 10. (a) Schematics of a general artiﬁcial photosynthetic approach combining the advantages of solid-state devices with living organisms.
Such proposed approach for solar-powered CO2 ﬁxation includes four general components: (1) harvesting solar energy, (2) generating reducing
equivalents, (3) reducing CO2 to biosynthetic intermediates, and (4) producing value-added chemicals. (b) Cross-sectional SEM image of the
three-dimensional network in the nanowire-bacteria hybrid. (c) Synthetic pathways for the production of a variety of value-added chemicals. The
names of proteins are listed, and the colors diﬀerentiate their genetic origins. In addition to these described pathways, some of the acetyl-CoA are
expected to be diverted into the TCA cycle for redox balancing. (a−c) Reprinted with permission from ref 34. Copyright 2015 American Chemical
Society.
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will promote the photoelectrochemical response, and the high
surface area will permit the eﬃcient guest loading and
molecule capture.205,206 By growing H9c2 cardiac myoblasts
on nitrogen-doped carbon nanodots (N-Cdots) coupled TiO2
nanowires, a nanomaterial−cell platform was constructed for
photoelectrochemical probing of physiological levels of H2S
messengers generated by living cells.205 The proposed process
is the existence of Cu2+ in electrolyte will quench the charge
transfer pathway between N-Cdots and TiO2 nanowires to
decrease the photocurrent to the level of pristine TiO2
nanowire (PEC-oﬀ state). Then, the excited H9c2 cardiac
myoblasts can produce H2S to reduce the Cu
2+ concentration
by forming CuS, which will reinstate the transfer process of
photogenerated charge and thereby increase the photocurrent
to the “PEC-on” stage. The detection sensitivity of H2S in the
buﬀer can reach 10 nM.205 Another study also adopted TiO2
nanotubes for physiological level probing of H2S.
206 The
diﬀerent process is Cd2+ was ﬁrst adsorbed onto the TiO2
nanotubes, and then the HepG2 cells grown on nanotubes
generated H2S under stimulation to react with Cd
2+ into CdS,
which will increase the photocurrent of TiO2 nanotubes by
enhancing the light absorption.206
3. NANOWIRES FOR THE HALF REACTIONS IN
PHOTOELECTROCHEMISTRY
The previous sections have provided the design strategy and
examples of how to apply semiconductor nanowires for PEC
applications as well as its integration of other building blocks,
Figure 11. (a) Energy diagrams of photoelectrochemical water splitting cells with photoanode, and photoanode and photocathode in a tandem
conﬁguration. Reproduced with permission from ref 38. Copyright 2014 The Royal Society of Chemistry. (b) Photocurrent densities of TiO2
nanowire arrays of diﬀerent lengths with and without 150 ALD TiO2 cycles. Reprinted with permission from ref 60. Copyright 2012 American
Chemical Society. (c) OER overpotential of TiO2 nanowires with/without transition metal doping in basic electrolyte. Reprinted with permission
from ref 58. Copyright 2013 American Chemical Society. (d,e) Energy band schematics and J−V plots under simulated solar illumination of the
hematite/Si nanowire dual-absorber PEC cells. Reprinted with permission from ref 63. Copyright 2012 American Chemical Society.
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including light coabsorbers and catalysts, for eﬃcient solar-to-
chemical conversion. As discussed above, the fundamental
processes of photoelectrochemistry relies on the turnover of
redox half-reactions at the semiconductor/electrolyte interface.
Therefore, it seems necessary for us to describe the current
applications of nanowires for various half-reactions, mostly
with the use of nanowire photoelectrodes, which is the main
focus of this section. We will ﬁrst review the oxidative and then
reductive sides of photoelectrochemistry. The readers are also
guided to Tables 2−5, in which the speciﬁc half-reactions that
were studied are also listed. In addition to the synergistic
beneﬁts when integrating nanowires with other building blocks
discussed in section 2, the claimed advantages from nanowire
morphology in previous literature for diﬀerent reactions are
summarized in Table 1, consistent with our discussion in
section 1.4. We posit that the previous and current sections
provide two diﬀerent yet complementary aspects of nanowires
in photoelectrochemistry, which will yield a more compre-
hensive summary for this ﬁeld.
3.1. Nanowire for Oxidative Photoelectrochemistry
3.1.1. Photoelectrochemical Water Oxidation. Water
oxidation reaction is critical as it is the vital component of the
overall water-splitting reaction that produces molecular
hydrogen, which is a promising renewable energy solution to
the global challenges in energy and environments. Water
splitting occurs as 2H2O → 2H2 + O2, where the theoretical
electrochemical potential (Veq) is 1.23 V for the overall
reaction. In practice, the operating voltage of water electrolysis
(Vop) is determined by the dynamics of half reactions and the
system conﬁguration as
η η η= + + | | + ΩV Vop eq A C
where Veq = 1.23 V, ηA and ηC are the overpotentials required
to overcome the kinetical barrier at the anode and cathode for
oxygen and hydrogen evolution reactions, respectively, and ηΩ
is the overpotential to oﬀset the loss of electric resistance in the
system.208 In many cases, the rate of a water-splitting process is
limited at the anode because of the sluggish oxygen evolution
reaction (OER),209 which involves multiple electron transfer
and surface adsorbed intermediates.210 In recent years, based
on in situ spectroscopy techniques, water oxidation inter-
mediates were tentatively probed.211−214 The OER in is
generally considered by following a four-step single-electron
transfer reaction with three adsorbed intermediates: OH(ad),
O(ad), and OOH(ad):
⎯ →⎯⎯ + +Δ + −H O OH H eG2 (ad)
1
⎯ →⎯⎯ + +Δ + −OH O H eG(ad) (ad)
2
+ ⎯ →⎯⎯ + +Δ + −O H O OOH H eG(ad) 2 (ad)
3
⎯ →⎯⎯ + +Δ + −OOH O H eG(ad) 2
4
The expression of these equations are speciﬁc for OER
happens under acid conditions. The maximum Gibbs reaction
energy of the four primary reactions governs the overpotential
of OER.210 Valdeś et al. showed that the OER activity largely
depends on the binding strength of OER intermediates on the
catalyst surface.215 In principle, the adsorption energies of
reactive intermediates are controlled by the surface electronic
structure of the catalyst.208 By adjusting surface adsorption, it
is rational to steer the four primary reactions to optimize the
water oxidation reaction.147,216
Photogenerated holes from semiconductor can be utilized to
oxidize water to evolve oxygen. The ﬁrst demonstration of a
photoanode for water oxidation was made by Honda and
Fujishima.217 At an external bias of ∼0.9 V vs RHE under UV
illumination, 1 mA cm−2 photocurrent density could be
generated on undoped TiO2 photoelectrode. For a photoanode
made of n-type semiconductor, water oxidation occurs at the
interface between the photoanode and electrolyte.38 When the
semiconductor photoelectrode is immersed into electrolyte,
the Fermi level of the semiconductor will equilibrate with the
electrochemical potential of the redox pair, causing band
bending. The built-in interfacial electric ﬁeld in the space
charge region can eﬀectively promote charge separation for
enhanced solar energy conversion eﬃciency. Photogenerated
holes can be accumulated on the surface of the n-type
semiconductor under illumination to induce water oxidation
reaction as shown in Figure 11a.38 The potential diﬀerence of
the anodic photogenerated holes and cathodic photogenerated
electrons should be larger than 1.23 eV for overall water
splitting to overcome the overpotentials in both electrodes.
Nanowire morphology is important for an eﬃcient PEC
water oxidation process because a high eﬃciency of water-
splitting requires not only a competent photoanode with a
suitable band structure but also an eligible surface for
adsorption and activation of reaction species. N-Type
transition metal oxides and nitrides such as TiO2,
60,218
ZnO,61,154 α-Fe2O3,
62 WO3,
64 Ta3N5,
65 and n-type silicon146
nanorod or nanowire arrays and their derivatives have been
developed as photoanodes for water oxidation, which show
decent performance in terms of charge transport and carrier
collection. Owing to the one-dimensional morphological
feature, a nanowire photoanode is able to decouple the
directionality of light absorption and charge transport, as stated
in the section 1.4.90,219 The photogenerated minority carriers
in n-type nanowire could transfer to the surface via a short
diﬀusion pathway along the radial direction to participate in
the oxidation reaction with a signiﬁcantly enhanced ηseparation,
while the morphology of nanowires aﬀords an increased light
absorption.19 Additionally, the nanowire geometry could also
provide suﬃcient sites for catalytic reactions. Jaramillo et al.
demonstrated that the photoelectrochemical water oxidation
performance of core−shell Si-Ta3N5 nanowire photoanode
could be greatly improved as compared to the planar
counterpart, owing to the enhanced light absorption and
larger electrochemically active surface area in Si-Ta3N5
nanowires, which are beneﬁcial for water oxidation reaction.66
The integration of n-type silicon nanowire with Ta3N5 could
shift the photocurrent onset to more negative potentials owing
to an “improved” band alignment.66 In another example,
Ta3N5 nanowire photoanode displayed an enhanced OER
photocurrent up to 3.2-fold at 1.23 V vs RHE compared with
its thin-ﬁlm counterparts, thanks to its large surface active area,
the short diﬀusion length of photoexcited holes, and the
enhanced light absorption with suppressed reﬂection as
discussed in section 1.4.65 Moreover, WO3/W:BiVO4 nano-
wire photoanode achieved a OER photocurrent density of 3.1
mA cm−2 and an 60% IPCE at 300−450 nm, both at 1.23 V vs
RHE.64 Such a decent photoelectrochemical performance is
attributed to the higher value of charge separation eﬃciency
(ηseparation) and the eﬃcient charge transfer at surface in WO3/
W:BiVO4 nanowire photoanode.
64
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Besides the advantages brought by morphological features,
surface properties of nanowires are also important in PEC cells
as they directly inﬂuence charge recombination and chemical
reaction kinetics. Hwang et al. reported that both the length
and surface properties of TiO2 nanowires had strong impacts
on their PEC performances of water oxidation (Figure 11b).60
Because here the nanowire photoanode acted as both the light
absorbers and catalytic sites, it is important to ﬁnd a balance
between light harvesting and catalytic reaction to optimize the
photoanode’s performance. Additionally, the addition of
catalyst should be considered when the kinetic of water
oxidation could be the bottleneck. For example, hematite
nanowires have advantages of visible light absorption, large
abundance, and low cost but with high overpotential for water
oxidation. Consequently, it is necessary to apply a catalyst to
improve kinetics of oxygen evolution on hematite.147 As such,
surface and interface engineering are indispensable, as
discussed in section 2, in which catalysts play a crucial role
at lowering the reaction barrier and improving charge
separation eﬃciency. Moreover, the doping of heteroatoms
and the establishment of a heterojunction in a nanowire
photoanode are commonly used to optimize surface properties,
which can promote charge kinetics and facilitate surface
reaction. Under visible light illumination (400−475 nm), an
apparent quantum eﬃciency of the incident photons (ηPEC) of
12.3% was achieved for overall wireless water-splitting in
neutral aqueous medium, with the use of core−shell Rh/Cr2O3
decorated double-band p-GaN/p-In0.2Ga0.8N nanowire hetero-
junction photoelectrode.153 Under concentrated sunlight, the
establishment of the GaN/InGaN heterojunction and the
introduction of Rh/Cr2O3 catalysts led to a production rate of
H2 and O2 as high as 3.46 and 1.69 mol h
−1 g−1,
respectively.153 For a TiO2 nanowire array photoanode, the
coating of CdS later led to a distinctive shift of the
photocurrent onset potential, from −0.297 to −0.403 V vs
Ag/AgCl. Additional coating of a cobalt phosphate OER
catalyst could further shift the onset potential to −0.469 V vs
Ag/AgCl.59 Here, it was proposed by the authors that the
introduction of CdS layer led to a negative shift of Fermi level,
while the addition of cobalt phosphate catalysts suppressed
charge recombination around the ﬂat-band potential and
subsequently improved the kinetics for OER.59 Transition-
metal dopants were demonstrated to be helpful in lowering
overpotential of OER in rutile TiO2 nanowires resulting from
enhanced adsorption of OER intermediates (Figure 11c).58
Wang et al. established a Z-scheme Si@α-Fe2O3 dual-absorber
system, which could absorb photons in a wide spectrum and
promote charge separation through band engineering (Figure
11d,e).63 In this system, diﬀerent doping levels of silicon
nanowires at 1014, 1016, and 1018 cm−3 could lead to onset
potentials of 0.6, 0.8, and 0.9 vs RHE, respectively.63 The Si@
α-Fe2O3 core−shell nanowire photoanode with appropriate
band engineering exhibited the lowest turn-on potential among
all reported hematite-based photoelectrochemical water
splitting systems.63
3.1.2. Photoelectrochemical Oxidation of Organics
and Biomass Conversion. Photogenerated holes can
participate in other oxidative reactions beyond OER. Reactions
of organic oxidation possess more favorable kinetics as
compared to water oxidation.220 The replacement of OER
with oxidation of organic substrate not only can substantially
lower the anodic potential for PEC hydrogen production but
also may serve as a potential approach toward chemical
synthesis. Photo-oxidative degradation of organic compounds
was developed decades ago, but there were minimal eﬀorts to
study the kinetic mechanism and enhance product selectiv-
ity.221,222 Recently, Durrant et al. showed that methanol could
be almost completely oxidized to formaldehyde on a hematite
photoanode (Figure 12a).223 Kinetic analysis found that
methanol oxidation was independent of the band bending at
the semiconductor−liquid junction but was second order with
respect to surface-accumulated holes on both hematite and
titania photoanodes, while the rate constant for hematite is 2
orders of magnitude lower than that for titania.223 The
morphology of nanowire with tunable surface carrier dynamics
may beneﬁt such kind of carrier-dependent reactions.
Additionally, the eﬃcient oxidation conversion of renewable
biomass to valuable chemicals has attracted considerable
attention in fundamental studies and for practical applications.
Assisted by BiVO4 photoanode, a 2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPO)-mediated 5-hydroxymethylfurfural (HMF)
oxidation into 2,5-furandicarboxylic acid (FDCA) was
demonstrated by Choi et al. (Figure 12b).68 The Faradaic
eﬃciency of the TEMPO-mediated biomass conversion
process can reach as high as 93%, suggesting that TEMPO
oxidation is kinetically faster than water oxidation on BiVO4.
Without TEMPO medium, the HMF oxidation into FDCA
was also completed by Sun et al. using Ni-based electro-
catalysts, and near-unity Faradaic eﬃciencies were achieved for
the generation of hydrogen and FDCA.224,225 Liu et al.
Figure 12. (a) Plausible mechanism of methanol oxidation on α-Fe2O3 photoanode. Reprinted with permission from ref 223. Copyright 2017
American Chemical Society. (b) Schematic of the photoelectrochemical TEMPO-mediated organic oxidation. Reprinted with permission from ref
68. Copyright 2015 Macmillan Publishers Limited.
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developed a PEC system on porous BiVO4 nanoarray
photoanode for the selective oxidation of glycerol to value-
added 1,3-dihydroxyacetone (DHA) without catalysts and
redox mediator.67 A photocurrent density of 3.7 mA cm−2 and
an apparent quantum eﬃciency of the incident photons (ηPEC)
of 25% for 400 nm photon at 1.2 V vs RHE were achieved in
acidic electrolyte. Meanwhile, this photoanode could produce
56 mmol gcatalyst
−1 h−1 of DHA with a DHA selectivity of 64%.
Faster reaction kinetics of PEC glycerol oxidation than water
oxidation was demonstrated in this work. This nanoarray
photoanode could produce DHA with higher rate and
selectivity than thin-ﬁlm photoanode. The authors attributed
these features to the electrode’s large surface area, abundant
active sites, and probably the adequate mass transport (section
1.4).67 By combining photovoltaics and catalytic reactions,
they also established a biomass photoreforming cell that is able
to simultaneously produce hydrogen and chemical.226 Nano-
wire photoanodes that have distinct advantages at charge
kinetics and light absorption may be particularly useful for
photoelectrochemical organic oxidation and biomass con-
version.
3.2. Nanowire for Reductive Photoelectrochemistry
As the other half of the overall Z-scheme solar-to-fuel process,
PEC cathodic reactions are equally important.227−229 In a
photocathodic process, the photogenerated electrons transport
to the catalytic sites for chemical reactions at the interface
between photocathode and electrolyte. A reasonably good
photocathode should provide relatively large photovoltage
given it band gap, a decent and stable photocurrent, and last
but not least, high reaction selectivity of the desirable products
under an acceptable overpotential.230 Because of the unique
structural, physical, and chemical properties, photocathodes
composed of semiconductor nanowires have demonstrated
several advantages over planar ones, which have been
summarized in the previous section.12 In the following section,
we will review the recent research eﬀorts in developing
semiconductor nanowire photocathodes for PEC hydrogen
evolution, CO2 reduction, and N2 reduction, respectively.
3.2.1. Photoelectrochemical Hydrogen Evolution.
PEC hydrogen production has attracted a lot of research
interests since Fujishima and Honda demonstrated the ﬁrst
solar water splitting process with TiO2 photoelectrode in
1972.217 With the introduction of the Z-scheme dual-light-
absorber design, relatively small-band gap semiconductor
materials such as Si and III−V group materials have been
intensively investigated for photoelectrochemical hydrogen
evolution.230
Si is widely considered a promising photocathode material
for solar H2 evolution because it is earth-abundant, relatively
stable, and has a suitable band gap for light absorption and
conduction band edge for HER reaction.231 However, as an
indirect bandgap material, a planar Si electrode typically suﬀers
high reﬂection loss and requires a ∼200 μm thickness to
absorb the longer-wavelength light. On the other hand, Si wires
decouple the light absorption and the charge carrier
collection232 and at the same time bring the light trapping
eﬀect within the array, which signiﬁcantly reduce the light
reﬂection loss.219 In addition, taking advantage of their large
surface area, a Si nanowire array photocathode allows the use
of earth-abundant HER electrocatalyst instead of the precious
noble metal electrocatalyst.4 Oh et al. reported that p-type Si
nanowire photocathodes prepared via electroless etching
yielded a photovoltage as high as 420 mV and signiﬁcantly
outperformed the planar counterpart due to the reduced
overpotential and light trapping eﬀect.69 P. Yang’s group and
D. Wang’s group both reported that Pt can be deposited onto a
Si nanowire photocathode via the ALD method.70,71 By
precisely controlling the amount of Pt loading as low as ∼10 ng
cm−2 (Figure 13a), such an approach represents a general
method to minimize the cost of noble metal HER catalyst for
eﬃcient photoelectrochemical H2 production (Figure 13b).
Zhang et al. showed the integration of earth-abundant MoS2
HER electrocatalysts onto the high-surface area Si nanowire
array photocathode.72 A decent onset potential of ∼0.3 V vs
RHE was obtained, owing to the reduced surface ﬂux of
electrons that can be handled by MoS2 electrocatalysts.
The beneﬁts obtained from Si nanowire are also applicable
to photocathodes composed of III−V nanowires. Lee et al.
reported that p-type InP nanopillars can dramatically increase
the solar-to-hydrogen eﬃciency to 14% compared with 9% of
the planar counterpart.42 Such enhancement results from the
low reﬂection loss and eﬃcient charge separation originated
from the nanopillar structure. It was also found that the InP
nanopillars facilitate the desorption of H2 bubbles, which in
turn promote the H2 evolution by reducing the reverse eﬀect of
local H2 molecules. In addition, E. Bakkers’s group used
vapor−liquid−solid (VLS) method to grow vertically aligned
p-type InP and GaP nanowire arrays with a small surface
parking fraction.73,74 Loaded with noble-metal-free MoSx HER
electrocatalysts, these nanowire photocathodes can achieve a
Figure 13. (a) Scanning transmission electron microscopy (STEM)
image of Pt nanoparticles deposited on a Si nanowire by ALD. (b)
HER performance of Si nanowire array photocathode with diﬀerent
ALD Pt loadings. (a,b) Reprinted with permission from ref 70.
Copyright 2013 American Chemical Society. (c) Schematics of
synthesis and puriﬁcation of colloidal GaP nanowires. Reprinted with
permission from ref 178. Copyright 2011 American Chemical Society.
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higher energy conversion eﬃciency than planar analogues.
Such high performance is attributed to the eﬃcient charge
separation in the high-quality III−V nanowires and the fast
electron transfer at the nanowire−MoSx interface. In addition
to the beneﬁts mentioned above, III−V nanowires also feature
low-cost synthesis compared to the expensive fabrication of
planar III−V wafer. Sun et al. discovered that colloidal GaP
nanowires can be synthesized via a low-cost solution−liquid−
solid (SLS) method (Figure 13c).178 These GaP nanowires can
be conveniently drop-cast on a conductive substrate and carry
out solar H2 production for at least 12 h. Furthermore, these
GaP nanowires can be controllably doped by introducing Zn
dopants during the SLS synthesis.91 By optimizing the
nanowire diameter and the Zn doping concentration, the
doped GaP nanowires exhibit better absorbed photon-to-
current eﬃciency (APCE) than planar GaP, with only 1/3000
of the amount of material used in the planar cathode. In
addition, the nanowire geometry allows for the ﬂexible
multijunction design of III−V photocathode, which synergisti-
cally combines the advantages of III−V materials with diﬀerent
compositions. Fan et al. reported a monolithically integrated
photocathode that is composed of p-InGaN/tunnel junction/
n-GaN nanowire arrays on a planar n+p Si substrate.233 Such a
nanowire-based lateral multijunction circumvents the current
mismatching issue typically present in conventional buried
multijunction photocathode and thus allows the photo-
generated electrons at diﬀerent segments to drive HER
reaction at the same time. As a result, this system yielded an
impressive 40 mA cm−2 photocurrent density, with a near-
unity faraday eﬃciency of H2.
In addition to Si and III−V materials, metal oxides, in
particular Cu2O and CuO, are also considered as promising
photocathodes for solar H2 production, owing to their
relatively small bandgap, suitable conduction band edge,
earth abundance, and simple synthesis procedure. However,
because of the severe mismatch between the minority carrier
diﬀusion length (20−200 nm) and the absorption depth (∼2
μm), the planar copper oxide photocathode typically suﬀers
low values of IPCE, especially at longer radiation wavelengths.
To solve such a problem, Huang et al. prepared highly aligned
Cu2O nanowire arrays, and found that the photocurrent of
Cu2O nanowires doubled that of the planar electrode, largely
due to the eﬃcient collection of photogenerated electrons
along the nanowire’s radial direction.76 After protected by a
CuO/TiO2 shell, the resulting Cu2O/CuO/TiO2 core−shell
nanowire structure gained 74% more photocurrent and 4.5
times higher stability. Moreover, Luo et al. developed a phase-
controlled synthesis method to grow high-quality Cu2O
nanowire arrays with superior optoelectronic properties.75
Such Cu2O nanowire photocathode can achieve photocurrent
as high as 10 mA cm−2, and a better IPCE than planar
counterpart for wavelength ranging from 350 to 650 nm.
3.2.2. Photoelectrochemical Reduction of Carbon
Dioxide. With the rise of CO2 concentration in the
Figure 14. (a) Proposed mechanism of the solar-driven homogeneous CO2 ﬁxation with ketone as the substrate and Si nanowires as the light
absorber. Reprinted with permission from ref 79. Copyright 2012 John Wiley & Sons, Inc. (b) SEM images (scale bar 200 nm) of the uniformly
deposited Au3Cu nanoparticles on Si nanowires. Numbers indicate loading amounts that have been proportionally varied. (c) Comparison between
Au3Cu assembled planar photoelectrode and nanowire photoelectrode for photoelectrochemical CO2 reduction. Solid lines show the linear sweep
voltammetry. Each point indicates the total current density obtained from chronoamperometry and the numbers represent faraday eﬃciency
toward CO. (b,c) Reprinted with permission from ref 81. Copyright 2016 American Chemical Society.
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atmosphere and the resulting climate issue, research in the ﬁeld
of catalytic CO2 conversion has grown rapidly in the past
decades.234 Photoelectrochemical CO2 reduction, where the
dissolved CO2 molecules are reduced at the photocathode/
electrolyte interface, is considered a promising approach to
realizing eﬃcient CO2 conversion.
235 However, photoelec-
trochemical CO2 reduction on a planar photoelectrode
typically suﬀers low energy-conversion eﬃciency because the
sluggish kinetics of CO2 activation and conversion determines
that typically a large overpotential is needed to drive the
reaction.236 In addition, the overall reaction process involves
multiple proton coupled electron transfer steps, leading to a
low selectivity of the desirable carbon products.237 Photo-
cathodes made of semiconductor nanowires provide oppor-
tunities to mitigate these challenges. In addition to the beneﬁts
regarding eﬃcient charge transport and enhanced light
absorption that observed in solar H2 production process, the
large surface area of the nanowire geometry in principle can
gain more beneﬁts in terms of the reduced overpotential for
CO2 reduction. Furthermore, the multifaceted nature of
semiconductor nanowires and the unique mass transport of
redox species within the nanowire arrays can also have an
impact on the multistep CO2 reduction and thus bring further
beneﬁts to the CO2 conversion eﬃciency. In this section, we
will review the recent progress on photoelectrochemical CO2
reduction using semiconductor nanowires as the light absorber.
On the basis of the nature of the catalytic reaction, both
homogeneous and heterogeneous processes will be brieﬂy
discussed.
In homogeneous photoelectrochemical CO2 catalysis, the
molecular catalysts typically bind with the photocathode
through physical interaction or covalent bonding.227,235 The
photogenerated electrons are transferred to the molecular
catalysts, while the reduced catalytic species bind with the CO2
molecules and carry out the catalytic reaction to release the
carbon product and regenerate the catalyst. D. Wang’s group
reported that Si nanowire can serve as an eﬃcient photo-
cathode to synthesize trisubstituted alkenes from CO2 and
alkyne catalyzed by [Ni(bpy)2] molecular catalyst.
78 Owing to
the multifaceted nature of the Si nanowire that presumably
facilitates the electron transfer process, the Si nanowire
photocathode yielded a 240 mV more positive onset potential
than the planar counterpart. Moreover, such a multifaceted Si
nanowire photocathode can also ﬁx CO2 into carboxylic acid
without the assistance of a molecular catalyst and obtain 110
mV photovoltage beneﬁts compared to the planar photo-
cathode (Figure 14a).79 Fabre’s group reported that Mn-based
complexes can be grafted on the Si nanowire surface to carry
out photoelectrochemical CO2 conversion into CO in CH3CN
+ 5% v/v H2O.
80 Three kinds of Mn-based molecular catalysts
were tested, and for each case the Si nanowire photocathode
exhibited better onset potential, ﬁll factor, and energy
conversion eﬃciency than the planar counterpart, thanks to
the large surface area, eﬃcient charge separation, and better
semiconductor/liquid interface. Furthermore, Jin et al. showed
that Re(I)-NHC complexes can be strongly absorbed on the Si
nanowire’s surface to carry out photoelectrochemical CO2
reduction.174 The diﬀuse reﬂectance infrared Fourier trans-
formation spectroscopy (DRIFTS) showed that the faraday
eﬃciency of CO is correlated with the binding strength
between the molecular catalyst and the Si nanowire photo-
cathode.
Heterogeneous photoelectrochemical CO2 reduction, where
the CO2 molecules are typically reduced at the interface
between a metal-modiﬁed photocathode materials and the
liquid electrolyte, has been intensively investigated in the past
few decade.227,229,235 While a lot of eﬀorts have been focused
on the design of metal catalyst, the introduction of the
nanostructured photocathode, in particular nanowire morphol-
ogy, has demonstrated substantial advantages. Choi and co-
workers fabricated p-type Si nanowire arrays, where Sn
nanoparticles are deposited as catalysts to speciﬁcally convert
CO2 into formate.
77 Such photocathode displayed a 0.5 V
more anodic onset potential, a signiﬁcantly enhanced photo-
current, and a ﬁve times enhancement in formate production
in comparison with the planar counterpart, thanks to the
reduced reﬂectance and eﬃcient electron transfer along the
radial direction of the Si nanowire. Kong et al. reported that
the Si nanowire arrays can guide the uniform spatial
arrangement of Au3Cu nanoparticles on the nanowire’s surface
(Figure 14b), while the nanoparticles tend to form isolated
islands on a planar Si electrode.81 A reduced overpotential of
120 mV compared to the planar counterpart was observed
originating from the well-dispersed assembly of nanoparticles
on the nanowire’s surface (Figure 14c). Such well-deﬁned
semiconductor−catalyst interface enables eﬃcient photoelec-
trochemical CO2 reduction to CO, with the Faraday eﬃciency
close to 80% at −0.2 V vs RHE. Eﬀorts have also been put to
investigate photoelectrochemical CO2 reduction on III−V
nanowire materials. Qiu et al. claimed that TiO2-passivated InP
nanopillars can reduce CO2 into methanol with a Faraday
eﬃciency of 4.79%.179 It was suggested that the O vacancies at
the TiO2 surface can facilitate the formation of CO2
−
intermediate and thus serve as catalytically active sites in the
CO2 reduction process. Deposition of Cu nanoparticle
catalysts on the InP nanopillar’s surface can further enhance
the methanol Faraday eﬃciency up to 8.7%. Mi’s group has
actively studied photoelectrochemical CO2 reduction on GaN
nanowires that modiﬁed by diﬀerent metal nanoparticles.
Taking advantage of the low defect density and high surface
area of the GaN nanowires, it was shown that the as-grown
nanowires can photocatalytically reduce CO2 into CO, while
the introduction of the Pt catalyst signiﬁcantly enhances the
CH4 production by nearly 1 order of magnitude.
83 Such
enhancement is attributed to the eﬀective separation of the hot
carriers and the reduction of CO2 activation barrier by Pt
nanoparticles. Furthermore, it was shown that deposition of
metal catalyst on the oxide-passivated GaN nanowires can
photoelectrochemically produce syngas with a tunable ratio
between CO and H2. Speciﬁcally, Chu et al. fabricated a Cu/
ZnO/GaN nanowire structure and obtained syngas products
with CO/H2 ratio ranging from 2:1 to 1:4.
82 Impressively, a
high Faraday eﬃciency of 70% for CO was observed at
overpotential as low as 180 mV. It was suggested that such
eﬃcient syngas production is attributed to the synergistic
cocatalytic eﬀect between ZnO and Cu. Chu et al. further
improved the photoelectrochemical syngas production by
sequential deposition of Pt nanoparticles and ultrathin TiO2
on the GaN nanowires.84 As the Pt/TiO2 interface provides
multifunctional sites for CO2 activation and conversion, the
resulting structure yielded a solar-to-syngas eﬃciency of 0.87%,
a high turnover number of 24800, and a wide-range CO/H2
ratio between 4:1 and 1:6. To circumvent the use of a noble-
metal catalyst, Rajeshwar and co-workers developed a two-step
approach to synthesize the CuO/Cu2O core−shell nanorod
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array photocathode.85 An impressive Faraday eﬃciency of 95%
toward methanol can be realized at an underpotential greater
than 150 mV. Such eﬃcient CO2 conversion is attributed to a
double electron transfer pathway from both the CuO core and
the Cu2O shell to the CO2 molecules in the electrolyte. Taking
advantage of the superior activity and product selectivity,
biological catalysts recently have been integrated with
semiconductor materials for solar-driven CO2 conversion. Liu
et al. reported that Si nanowires can serve as a biocompatible
photocathode to interface with Sporomusa Ovata to speciﬁcally
convert CO2 into acetic acid.
34 Compare to the planar
counterpart, the unique nanowire geometry prevents the
diﬀusion of the O2 molecules and thus provide an O2-free
local environment for the anaerobic bacteria to live and
function.
3.2.3. Photoelectrochemical and Photocatalytic Re-
duction of Dinitrogen. Ammonia (NH3) is essential in
agriculture and many industry processes. The invention of
Haber−Bosch process to synthesize NH3 from N2 and H2 has
greatly changed the way that the food is produced and
contributed ∼50% of the N atoms in humans today.176
However, as high temperature (∼700 K) and high pressure
(∼100 atm) are both required in the Haber−Bosch process, it
is very energy-intensive and consumes nearly 2% of the annual
energy output in the world. As a result, great eﬀorts have been
made to search for alternative approaches to synthesizing NH3
at mild conditions. Photoelectrochemical/photocatalytic N2
reduction, where N2 molecules are reduced at the semi-
conductor/liquid electrolyte interface with solar energy as the
reaction driving force, represents a sustainable strategy for NH3
synthesis.228 However, the inertness of the NN triple-bond,
the sluggish reaction kinetics, and the lack of eﬃcient catalyst
lead to major challenges for this reaction, especially the high
overpotential and the poor selectivity of NH3 over H2.
238,239
Nanostructuring the semiconductor light absorber, particularly
into a 1D nanowire/nanorod morphology, can mitigate these
issues by introducing several beneﬁts as following: (i) the high
surface area of nanowire geometry allows more catalyst loading
and promote the interaction between the light absorber and
catalyst, (ii) the ﬂexible modiﬁcation/functionalization of the
nanowire’s surface properties allows the stabilization the
intermediate species of the multistep N2 reduction reaction,
and (iii) the strong light trapping eﬀect within nanowire array
is favorable to generate the plasmonic eﬀect for hot carrier
injection.
Recently, Ali et al. demonstrated a plasmon-enhanced
photoelectrochemical N2-reducing platform, where black Si
(bSi), Au nanoparticle (GNP), and chromium (Cr) are used as
the light absorber, catalyst, and hole scavenger, respectively.86
The Si nanowires provide a large surface area for a high loading
of GNP (Figure 15a,b), and a strong light absorption and
scattering environment where GNPs induce the plasmon-
enhanced N2 reduction. The resulting ammonia production
scales linearly with the N2 partial pressure, and a highest
ammonia yield of 60 mg m−2 h−1 was observed at 7 atm
pressure (Figure 15c). Li and co-workers reported a photo-
catalytic N2 ﬁxation approach using Re cluster-decorated III−V
nanowires.87 It was suggested that the Re nanoclusters can be
ﬁrmly and homogeneously anchored on the surface of GaN
nanowires with a 5 wt % high loading. The Re/GaN interfacial
Schottky junction with a 0.94 eV barrier height facilitates the
photogenerated electron transfer to Re clusters, resulting in
negatively charged Re species to promote the cleavage of N
N triple bond. The incorporation of the In element into GaN
nanowires allows for the photoelectrochemical N2 reduction
under visible light regime. In addition, S. Wang et al. showed
Figure 15. (a) Cross-sectional and (b) magniﬁed SEM images of the GNP-coated bSi for photoelectrochemical N2 reduction. (c) Ammonia
production of GNP/bSi/Cr photoelectrochemical cell as a function of nitrogen gas pressure. (a−c) Reprinted with permission from ref 86.
Copyright 2016 Nature Publishing Group. (d) Reaction scheme of N2 reduction by nitrogenase (upper) and the CdS:MoFe protein bioinorganic
hybrid system (lower). (e) Evaluation of N2-reducing activity by the CdS:MoFe protein bioinorganic hybrid system. (d,e) Reprinted with
permission from ref 88. Copyright 2016 American Association for the Advancement of Science.
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that the synthesized Bi5O7Br nanotubes can be used for solar-
driven N2 ﬁxation in pure water, thanks to the light-switchable
oxygen -vacancy on the surface of nanotubes.41 It was
indicated that the light-induced oxygen vacancies serve as
the catalytic sites that can trap and subsequently inject the
photogenerated electrons to the absorbed N2 molecules. The
NH3 generation rate of these nanotubes was 1.38 mmol h
−1
g−1 (2.5 times higher than nanosheet counterpart), with a
quantum eﬃciency of 2.3% under 420 nm illumination. β-
Ga2O3 nanorod was used as photocatalyst for N2 photoﬁxation
by Zhao et al.240 The photoactivity of β-Ga2O3 nanorod was
promoted by using alcohols (methanol, ethanol, n-propanol,
and n-butanol) as hole scavengers. The highest quantum yield
of 36.1% was observed when butanol was used, attributed to
the in situ formed indirect electronic transmitter •CO2
−.
Brown et al. designed a biomimetic CdS/MoFe protein hybrid
system for a solar-driven N2 reduction.
88 In such bioinorganic
hybrid design, the CdS nanorod serves as a photosensitizer to
provide photogenerated electrons to nitrogenase MoFe
protein, where the enzymatic reduction of N2 to NH3 is
carried out (Figure 15d). This system shows a turnover rate of
75 per minute (Figure 15e), which is comparable with the
ATP-coupled reaction rate for the nitrogenase complex. It was
suggested that the high performance may be attributed to the
strong binding between the CdS nanorod and the protein,
which could induce the protein conformation changes
necessary for N2 reduction that normally occur in biological
systems.
4. FUNDAMENTALS OF PHOTOELECTROCHEMISTRY
AT SINGLE-NANOWIRE LEVEL
Although considerable research eﬀorts have been focused on
studying nanowire array photoelectrode, the heterogeneity in
geometry, doping, defects density, and catalyst loading
typically present in such arrays can obscure the link between
these properties and the photoelectrochemical performance of
the nanowires, and correlating performance with the speciﬁc
properties of individual nanowires is diﬃcult because of the
ensemble averaging.241,242 In addition, the physical and
chemical interactions between individual nanowires within
the arrays, such as the light scattering and the diﬀusion of
redox species, can signiﬁcantly convolute our understanding on
the nanowire’s native properties and the fundamental reaction
mechanisms.243
By overcoming the inhomogeneity found in arrays of
nanowires, a single semiconductor nanowire device can
provide a more precise link between the nanowire’s properties
and its photoelectrochemical/photocatalytic performance. By
comparing the performance of individual nanowires with that
of the ensemble arrays, we can in turn understand the impact
of the inhomogeneity on the ensemble systems. In addition,
controlling a single nanowire’s properties, such as its geometry
relative to the characteristic length scales of many fundamental
processes that occur on the nano- and microscale, enables
systematic investigations to determine the intrinsic limits of
performance and optimal design of nanowire photoelectrodes.
Moreover, a single-nanowire device can be ﬂexibly coupled
with other advanced characterization techniques, such as
single-molecule ﬂuorescence spectroscopy,244,245 to under-
stand the electron transport process and uncover the reaction
mechanisms at the semiconductor/electrolyte interface. In this
section, we will ﬁrst discuss the state-of-art single-nanowire
devices for photoelectrochemical characterizations beyond the
ensemble averaging. In addition, we will also review the
progress of single-molecule, single-particle ﬂuorescence spec-
troscopy that can be used to uncover the reaction mechanisms
during the photo(electro)catalytic process.
Figure 16. (a) Schematic of the single-nanowire device for photoelectrochemistry. (b) SEM image of the single-nanowire photoelectrodes. (c)
Statistical analysis of onset potentials for single-nanowire photoelectrodes with p and n+p doping proﬁles. (d) Photoelectrochemical behavior of a
representative single-nanowire photoelectrode. (a−d) Reprinted with permission from ref 251. Copyright 2016 Nature Publishing Group.
Chemical Reviews Review
DOI: 10.1021/acs.chemrev.9b00232
Chem. Rev. 2019, 119, 9221−9259
9245
4.1. Single-Nanowire Photoelectrochemistry
A device composed of a single nanowire, a well-deﬁned
platform suitable for studying basic physical and chemical
processes at the nanoscopic level, has been applied in
electronics,35 bioprobing,246 photovoltaics,247,248 thermoelec-
trics,249 and electrochemistry.250 Single-nanowire photoelec-
trochemistry is particularly challenging because it requires the
sophisticated manipulation of the device structure in order to
avoid the interaction between individual nanowires and the
contribution from the substrate. Recently, the Yang’s group
reported a unique single-nanowire photoelectrode platform
(Figure 16a), which can reliably probe the photoelectrochem-
ical behavior of individual nanowires.251 Via the VLS approach,
the single Si nanowires are vertically grown on electrically
isolated Si electrodes, enabling the characterization of each
nanowire individually (Figure 16b). The J−V characteristics
yielded decent photoelectrochemical behavior with picoam-
pere photocurrent sensitivity and tunable photovoltage output
for devices with diﬀerent doping proﬁles. In contrast to the
inhomogeneity present in nanowire arrays, the well-deﬁned
geometry of a single nanowire in this study allows for the
quantiﬁcation of the photogenerated electron ﬂux over the
nanowire’s surface and provides quantitative information on
the reduced overpotential owing to the nanowire’s large surface
area (Figure 16d). In addition, the authors observed that the
photovoltage of the nanowire array devices is comparable with
the lowest photovoltage of single nanowires (Figure 16c),
indicating that the performance of ensemble array photo-
electrode is largely aﬀected by the worst performing individual
nanowires within the array. This observation highlights the
importance of controlling the homogeneity of the nanoma-
terials’ quality in order to produce eﬃcient nanowire-based
solar-to-fuel devices. Recently, Zhang et al. also reported
single-nanowire photoelectrode device that is fabricated
horizontally on the substrate.92 By systematically tuning the
diameter of the individual nanowires from 200 to 2000 nm, it
was suggested that the diameter of 1415 nm yielded the
highest solar energy conversion eﬃciency. The wavelength-
dependent IPCE measurements suggested that the eﬃciency of
single-nanowire photoelectrodes is determined by the diame-
ter-dependent light absorption. Moreover, the photoelectro-
chemical behavior of individual nanowires can also be used to
modulate the cellular activity. The Tian’s group recently
reported that the photocathodic eﬀect generated by coaxial
single nanowires can be harnessed to elicit action potentials in
neuronal cells.207 Taking advantage of patch-clamp setup, the
photocurrent of free-standing individual nanowires can be
recorded. When the free-standing nanowire is interfaced with
rat neuron cells, the photocurrent can induce action potentials
with a minimum laser energy threshold. Furthermore, it was
shown that the nanowires with atomic surface Au yield
signiﬁcantly enhanced photoelectrochemical current in com-
parison to the Au-free counterpart. This result suggests that the
atomic Au at the nanowire’s surface is critical for the catalytic
photoelectrochemical reaction and the generation of action
potential in neurons. This approach opens up opportunities to
optically control the cellular membrane potentials, which may
be useful for advanced bioelectronics studies and photo-
responsive therapeutics in the future.
Single-nanowire photoelectrode platform can be also
combined with other techniques to study the charge transfer
fundamentals during photoelectrochemical processes. Liu et al.
used Kelvin probe force microscopy (KPFM) to probe the
transport of photogenerated electrons and holes within a single
asymmetric Si/TiO2 nanowire.
252 In their study, a p-Si/n-TiO2
core−shell nanowire is designed to explore the feasibility for
direct solar water splitting, where the n-type TiO2 and p-Si are
proposed to behave as photoanode and photocathode,
respective. Under illumination, KPFM observed higher surface
potential on the n-TiO2 shell, relative to the potential of the p-
Si nanowire. This result suggests that the photogenerated holes
and electrons tend to accumulate at n-TiO2 and p-Si,
respectively, with the recombination of majority carrier at
the Si−TiO2 interface. The eﬃcient charge separation and
transport indicate that the p-Si/n-TiO2 core−shell nanowire is
a promising building block for unassisted tandem solar water
splitting. Spectroscopic techniques have also been employed to
quantitatively investigate the photoinduced charge separation
within a single-nanowire photo(electro)catalyst. In 2009, the
Majima’s group studied the behavior of photogenerated charge
carriers in individual TiO2 nanowires using photoluminescence
(PL) spectroscopy.253 The time trajectory of the PL intensity
showed numerous burst-like features, which is believed to
originate from the radiative recombination of electrons and
holes at the color centers, such as the oxygen vacancies in TiO2
nanowires. The quenching of the burst-like PL phenomenon
with increased O2 concentration suggests that the free
electrons are quenched by the absorbed O2 molecules
following a Langmuir−Hinshelwood model. The potential-
dependent PL spectra further revealed that the trapping sites
are involved in the potential-induced PL process, and the
energy level of the trapped electrons is considered to be −0.1
to −0.3 V vs SHE. Moreover, the detection of the remote PL
indicates long-distance transport of charge carriers, which can
be explained by a trapping−detrapping model.
In addition to the representative techniques mentioned
above, other characterization approaches including scanning
electrochemical microscopy,254 scanning photocurrent micros-
copy,255 and ultrafast transient absorption spectroscopy256
have been widely applied to study the photoelectrochemical
behavior on planar and nanowire array photoelectrodes. The
integration between the state-of-art single-nanowire photo-
(electro)catalyst with these advanced characterization techni-
ques may open up new opportunities to obtain further deep
insights into the photoelectrochemical process.
4.2. Single-Molecule, Single-Particle Fluorescence
Spectroscopy
Although the single-nanowire photoelectrode platform is
capable of obtaining nanoscopic insights that, beyond the
ensemble averaging, it cannot provide comprehensive
information regarding the photo(electro)catalytic reaction
mechanisms. In addition, the heterogeneous distribution of
defect and active sites within a single nanowire can blur our
understanding on the defect/active site-dependent electron
transfer process.257 On the other hand, single-molecule
ﬂuorescence spectroscopy is a powerful tool to image the
fundamental photoelectrochemical/photochemical process
with down to nanometer spatial resolution.244,245 As a result,
the combination of single-molecule ﬂuorescence imaging with
single-nanowire photoelectrode platform represents an intrigu-
ing approach to study the charge carrier activities of the
photo(electro)catalysts with the highest possible sensitivity
and spatial resolution. Here, we will give a brief review on the
recent progress of single-molecule, single-particle ﬂuorescence
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spectroscopy, with the focus on the one-dimensional TiO2
photo(electro)catalysts.
In 2009, the Majima’s group ﬁrst reported the single-
molecule imaging of photocatalytic reactions on a one-
dimensional TiO2 nanotube photocatalyst (Figure 17a).
258 A
speciﬁc ﬂuorescence probe, aminophenyl ﬂuorescein (APF),
was used to detect the hydroxyl radicals (•OH) generated
during the photocatalytic process. When DMSO is added as a
•OH quencher, the ﬂuorescence intensity is completely
suppressed (Figure 17b). Distinguishable ﬂuorescence time
trajectories were observed for ﬂuorescein products present in
macropores and mesopores, indicating the positive correlation
between the product diﬀusion rate and the pore size. In
addition, the spatial-resolved ﬂuorescence intensity on a single
TiO2 nanotube suggests a heterogeneous distribution of the
active sites, which may be attributed to the intrinsic
distribution of surface defects such as oxygen vacancies during
the sample preparation. Single-molecule ﬂuorescence imaging
has widely been used to study the photocatalytic reaction
mechanisms, particularly on individual TiO2 nanorod photo-
(electro)catalyst. In 2012, Xu et al. found that the trapped
holes and electrons on individual TiO2 nanorod can both serve
as active sites to produce the ﬂuorescent molecules, while the
trapped holes show relatively higher activity.259 Speciﬁcally, the
photogenerated electrons and hole can react with absorbed O2
and H2O molecules to yield O2
−• and OH• radicals,
respectively, which can both react with nonﬂuorescent amplex
red to form the ﬂuorescent product resoruﬁn. By quenching
one kind of radical while keeping the other active, the activity
of each radical can be separately identiﬁed. The ﬂuorescence
trajectory, coupled with the Langmuir−Hinshelwood model,
quantitatively revealed that the absorption coeﬃcient and net
reactivity for reactions with OH• as the oxidant have higher
values than those with O2
−• as the oxidant. These results can
be explained by the positively charged microenvironment
around the trapped holes, which signiﬁcantly enhance the
absorption of the negatively charged substrate molecules. In
2016, the Chen’s group designed a single-TiO2-nanorod
photoanode platform, where the photoelectrooxidation mech-
anisms can be identiﬁed with single-molecule ﬂuorescence.260
By quantitatively characterizing the substrate oxidation rate as
a function of the applied potential and light intensity, it was
found that the oxidation rate scales with (I0)
1/2 and (E)1/4.
Such correlation is consistent with the Gar̈tner model and
suggests that the organic substrate was oxidized indirectly via
OH• radicals instead of directly by photogenerated holes.
Furthermore, Sambur et al. reported that the single-molecule
ﬂuorescence imaging can provide guidance for rational
engineering the catalysts on the surface of the TiO2
photoanode.261 Taking advantage of the super-resolution
imaging, the authors statistically analyzed the surface reaction
rates along individual TiO2 nanorod under diﬀerent applied
potentials (Figure 17c). By detecting the number of local
ﬂuorescence products in a certain period, it was found that the
sites with high hole-induced reaction rates at more positive
potentials also show high electron-induced reaction rates at
more negative potentials. This result suggests that the
photogenerated holes and electrons tend to reach the same
sites on the TiO2 nanorod surface, and thus the most active
sites for water oxidation may also promote the electron−hole
recombination. Furthermore, to quantify the beneﬁts of the
catalysts, oxygen evolution catalyst (OEC) was photoelec-
trochemically deposited onto either high- or low-activity sites
that have been identiﬁed. By characterizing the onset potential
and absorbed-photon-to-current eﬃciency (η) before and after
the OEC deposition on a speciﬁc site, it was suggested that the
locations with lowest initial activities achieve the most
photocurrent enhancement or most reduced onset potentials
from the OEC deposition, and the enhancement in photo-
current is not necessarily accompanied by the negative shift in
onset potential for the same OEC deposition site. These
ﬁndings suggest a strategy to improve the performance of
Figure 17. (a) Schematic illustration of the single-molecule ﬂuorescence experiment to study the photocatalytic reaction in a single TiO2 nanotube.
(b) Time trajectories of the ﬂuorescence intensity of the entire single TiO2 nanotube in the absence (left) and presence (middle) of DMSO. The
histograms of the ﬂuorescence intensity are also shown (right). (a,b) Reprinted with permission from ref 258. Copyright 2009 American Chemical
Society. (c) Super-resolution mapping of the electron- and hole-induced reactions on the surface of individual TiO2 nanorods. Reprinted with
permission from ref 261. Copyright 2016 Nature Publishing Group.
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photoelectrodes by depositing catalysts onto selective posi-
tions.
5. INTEGRATED NANOSYSTEMS FOR A CLOSED
CYCLE
5.1. Mimicking the Microscopic Assembly of Natural
Photosynthesis
A completed solar-to-chemical cycle requires the participation
of both oxidative and reduction half-reactions. In addition to
the thermodynamic redox voltages set by the nature of
chemical reactions, additional driving force in the form of
photovoltages are needed in order to overcome the kinetic
barriers and maintain a rate of reaction turnover.10,262 This sets
a quite restrictive limit on the choice of materials that can be
applied. When only one light-absorber was considered in the
process, only semiconductors of wide band gap have been
reported for a complete solar-to-fuel process, but the overall
eﬃciency of the process was limited by the scarcity of high-
energy photons available in the solar spectrum.263 Mimicking
the “Z-scheme” in natural photosynthesis,264,265 an integrated
device for artiﬁcial photosynthesis requires the integration of
two light-absorbers, commonly two semiconductor materials
with well-positioned band alignment, in order to carry out the
photoanodic and photocathodic reactions with the eventual
target of storing solar energy in chemical bonds in the absence
of any additional energy supply.12,13,22 Here, one semi-
conductor acts as photoanode for oxidation while the other
one acts as photocathode for reduction, while an ohmic
contact is established between these two semiconductor
materials (Figure 18a). Under sunlight irradiation, photo-
excited minority carriers move to the electrode/electrolyte
interface for catalytic reactions, whereas the majority carriers
recombine at the ohmic contact in order to complete the
circuit (Figure 18a).3,266−268 Depending on the exact
conﬁguration of the design, the nature of the ohmic contact
could be metallic materials or a speciﬁc redox couple, termed
as redox mediators, that shuttles between two semiconduc-
tors.8,13,267 The possibility of integrating two semiconductor
light-absorbers can be roughly evaluated based on their
individual I−V curves when functioning as photocathodes
and photoanodes. Taking water splitting as an example (Figure
18b), the intersection of the two independent curves suggests
the maximum operating current density (Jop) for the overall
water splitting. The maximum power generated for each
component of the integrated system is illustrated by the red
shaded area, while the power generated at the maximum
operating current density is indicated by the blue shaded area
(Figure 18b). When the points of Jop are close to their
individual maximum power points (PPC for photocathode and
PPA for photoanode), the highest solar-to-hydrogen eﬃciency
could be obtained (Figure 18b). Inversely, if the Jop ≤ 0, i.e., no
crossover between the two curves, the directly serial
combination of the two electrodes will not drive a water
photoelectrolysis without additional energy input. Considering
the steep increase of operating photocurrent density can be
induced by a small change in the ﬁll factor,9,269,270 one way to
dramatically enhance the solar-to-hydrogen eﬃciency is by
increasing the FF and Voc for one or both photoelectrodes.
The ﬁrst report that mimics the “Z-scheme” concept for
artiﬁcial photosynthesis is proposed by Art Nozik in the
1970s.271 The central concept is to construct a photochemical
diode by coupled two small bandgap materials as photo-
cathode and photoanode, mimicking photosystems I and II in
natural photosynthesis, for unassisted solar water splitting. The
increased photocurrent as compared to the case of a single
semicondutor,21,47 promises spontaneous solar water splitting
with high energy eﬃciencies. Such a design has inspired
researchers in the passing decades, and here we would like to
provide some updates about the cases that nanowire
photoelectrochemistry was applied.
5.2. Integrated Artiﬁcial Photosynthesis and Its Design
Principle
In the integrated “Z-scheme”, charge carriers travel through
both semiconductors in a tandem fashion. Therefore, at
working conditions the photocurrent ﬂux from the photoanode
and photocathode is the same. This indicates that an optimized
device of high energy eﬃciency should have suitable band gaps
and band alignments for both materials. Theoretical calcu-
lations have predicted that a pair of photoelectrodes with band
gaps of approximately 1.1 and 1.7 eV should be optimal for
high eﬃciency when the factors of overpotentials and other
losses are taken into consideration.272,273 However, in practice,
the possible options of binary semiconductors with band gaps
between 1.5 and 2.0 eV are limited (Figure 19a), not to
Figure 18. (a) Illustration of the “Z-scheme” by using two kinds of semiconductors with diﬀerent band gaps. The photogenerated minority carriers
move to the surface to drive a reduction (left) or oxidation (right) reaction, while the majority carriers recombine at the interface that linking the
two semiconductors. (b) Compositive current−potential curves for both photocathode and photoanode with water splitting as an example.
Thermodynamic potentials for H+/H2 and O2/H2O are presented as the dashed lines. Jop stands for the maximum operating current density, PPC
and PPA stand for the individual maximum power points of photocathode and photoanode, respectively. The red shaded areas highlight the
maximum power generated for each component of the integrated system, while the blue shaded area highlights the power generated at the
maximum operating current density.
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mention the additional requirements of band alignment for
optimal photovoltage output as well as fast charge transfer
kinetics on the photoelectrodes’ surface.274 We posit that
nanowire morphology can contribute to alleviate the challenges
present above. With limited material options, nanowire
morphology can help to reduce the overpotential for the
charge transfer at the surface, which has been quantitatively
illustrated in Figure 19b.12 Such a reduction of overpotential
will help increase FF and Voc for the photoelectrodes. Because
the Jop of the integrated “Z-scheme” system is quite sensitive to
the overlap of I−V curves for photoelectrodes, the use of
nanowires can help to increase Jop and subsequently energy
eﬃciency in the “Z-scheme”.
An asymmetric nanowire composed of silicon core and TiO2
shell (Si/TiO2) was built to demonstrate the validity of charge
separation within the integrated system.252 KPFM was adopted
to detect the local change of photovoltage on the asymmetric
nanowire. Under illumination, higher surface potential was
observed on TiO2 side relative to the potential of Si side due to
the buildup of holes at TiO2/electrolyte interface and electrons
at the Si/electrolyte interface. This indicates that an integrated
nanostructure of Si/TiO2 is feasible for unassisted solar-driven
water-splitting.252 Therefore, as a proof-of-concept, a solar-to-
fuel device of Si and TiO2 nanowires was integrated for solar
water-splitting (Figure 19c−e).17 Analogous with the natural
photosynthesis, carefully designed at a microscopic scale in the
tree-shaped Si/TiO2 nanosystem was carried out by taking
light absorption, charge separation, and chemical reactions all
into consideration (Figure 19d).17 The constructed nano-
system was at least 1 order of magnitude more active than the
same composite without a tree-shaped structure and was
capable of realizing comparable energy conversion eﬃciency to
that of natural photosynthesis, even though TiO2 photoanode
remains as the bottleneck of overall performance.17 Other
combinations of redox reactions were also demonstrated on
Si/TiO2 nanotree structure.
275 With the use of hydrogen
peroxide (H2O2) and 1,4-benzoquinone/hydroquinone (Q/
QH2) as the two redox reactions of interest, asymmetric Si/
TiO2 nanotree structure was developed as an artiﬁcial
microswimmer. By controlling the zeta potential of nanotree
through chemical modiﬁcation, the microswimmers with
positive or negative phototaxis can be both successfully
programmed.275,276
Materials combination other than Si and TiO2 has been
reported for unassisted solar water-splitting. Indium phosphide
(InP) has been considered as a promising alternative to Si
Figure 19. (a) Theoretical photocurrent densities versus the band gaps of semiconductors under one-sun illumination. Arrows at the bottom
indicate the ultraviolet (below 400 nm), visible (400−750 nm), and infrared (beyond 750 nm) regions of the spectrum. Reprinted with permission
from ref 4. Copyright 2014 American Chemical Society. (b) Required overpotentials (η) to reach 10 mA cm−2 versus the exchange current
densities (i0) of planar electrodes loaded with various catalysts. Right y-axis shows the percentage of voltage lost, relative to the 1.23 V required
thermodynamically to split water. The dashed blue curve is a calculation for 100% surface coverage of the catalyst, while the yellow curve assumes
only 10% surface coverage. The solid red curve indicates that a nanowire electrode with a roughness factor of 1000 and 10% catalyst coverage can
signiﬁcantly reduce the overpotential required to achieve the target current density. Reprinted with permission from ref 12. Copyright 2015 The
Royal Society of Chemistry. (c) A false-color SEM image of the asymmetric nanoscale tree-like heterostructures. (d) Schematics of the nanotrees
used for solar-driven water splitting. The small diameter TiO2 nanowires (blue) were grown on the upper half of a Si nanowire (gray), and the two
semiconductors absorb diﬀerent regions of the solar spectrum. The two insets display the photoexcited electron−hole pairs that are separated at the
semiconductor−electrolyte interface to carry out water splitting with the help of cocatalysts (yellow and gray dots on the surface). (e) The
nanotrees perform unbiased solar water splitting, producing a 2 to 1 ratio of hydrogen and oxygen. (c−e) Reprinted with permission from ref 17.
Copyright 2013 American Chemical Society.
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because of its relatively narrow bandgap (1.35−1.42 eV),42,73
while bismuth vanadate (BiVO4) shows advantages as
photoanode materials with a relatively small band gap.17 InP
nanowires have been integrated with nanoporous BiVO4 for an
overall reaction of water splitting at neutral pH.277 The system
generated 0.82 ± 0.04 mA per two electrodes with an area of 1
cm2 each, corresponding to a solar-to-fuel eﬃciency of 0.5% for
water splitting.277
A concept of bilayer nanowire fabrics was purposed in order
to construct a low-cost and ﬂexible PEC integrated system with
facile production separation (Figure 20a).21,47 In this design,
the photoanode and photocathode, both made of nanowire
meshes with high surface area, are physically connected for an
ohmic contact. A proton transport medium will be placed
between these two electrodes, and matching of current density
is demanded to eﬃciently utilize the solar spectrum. A bilayer
Ru/Rh-SrTiO3 and BiVO4 nanowire mesh ﬁlm for unassisted
solar overall water splitting was constructed as a proof of
concept (Figure 20b,c). By employing such a bilayer nanowire
mesh, it is possible to achieve simultaneous production and
separation of H2 an O2 at the Ru/Rh-SrTiO3 side and BiVO4
side, respectively.48 The Ru/Rh-SrTiO3−BiVO4 interface and
the balance in light absorption by each nanowire mesh are
both important for the H2/O2 evolution.
48 Additional eﬀort
such as the use of other semiconductor materials or the
addition of conductive additives including graphene sheets and
metallic carbon nanotubes, will potentially increase the overall
reactivity of the integrated nanowire systems.48
6. CONCLUSION AND OUTLOOK
The above discussions provide a summary of nanowire
photoelectrochemistry. We examined the potential beneﬁts of
nanowires in photoelectrochemistry, diﬀerent strategies that
have been adopted when interfacing nanowires with other
building blocks in artiﬁcial photosynthesis, and the current
development of utilizing nanowires for a solar-powered
chemical transformation. Since the inception of applying
nanowires for photoelectrochemistry in 2002,18 signiﬁcant
advances have taken place both at the fundamental level and
for practical applications. With so many excellent works that
have been done, the question that we are now facing is what’s
the next? In this section, we will not rephrase the beneﬁts and
achievements that have been discovered. Instead, we strive to
provide a futuristic picture for the development of nanowires
in photoelectrochemistry by pointing out some of the exciting
directions that this ﬁeld may move toward. We hope that such
a perspective will inspire new ideas of using nanowires and
motivate researchers in photoelectrochemistry and nanoma-
terials at large.
At a fundamental level, our knowledge of the PEC process at
the materials/liquid interface remains somewhat elusive. While
the classic model of band bending and the subsequent
optoelectronic response is working well at macroscopic scale,
the model per se neglects the possible heterogeneity on the
materials’ surface and there lacks a reﬁned model at nanoscopic
scale. For example, when nanoparticle catalyst is loaded at the
interface between the semiconductors and electrolyte, it seems
unclear how the presence of catalyst may aﬀect the local band
Figure 20. (a) Schematic illustration (left) and a zoomed-in view (right) of a bilayer nanowire fabric-based composite membrane for direct solar
water-splitting. The top layer is a high-surface-area nanowire mesh decorated with oxidation catalysts. This part serves as a photoanode responsible
for water oxidation; the bottom layer is a high-surface-area nanowire mesh decorated with reduction catalysts. This is the photocathode responsible
for water reduction. Reprinted with permission from ref 47. Copyright 2012 Nature Publishing Group. (b) Cross-sectional SEM image of bilayer
Rh-SrTiO3 and BiVO4 nanowire mesh interface with illustration of the overall water splitting process. (c) Overall water splitting into hydrogen (■)
and oxygen (●) using bilayer Ru/Rh-SrTiO3 and BiVO4 nanowire mesh ﬁlm. (b,c) Reprinted with permission from ref 48. Copyright 2014
American Chemical Society.
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bending. In the literature, people have applied diﬀerent,
sometimes contradicting, models to explain the experimental
data. It is also intriguing to wonder what is the optimal
distance among the loaded catalyst nanoparticles on the
surface so that charge transfer of redox reactions can have high
turnover rate yet the loaded catalyst will not perturb the band-
bending signiﬁcantly. We posit that a reﬁned model of
photoelectrochemistry at nanoscale can help to address some
of the questions listed here. Nanowire morphology is a suitable
well-deﬁned platform to help develop such a nanoscopic model
and current advances of studies at single-nanowire level is
welcoming in such a context.
The range of chemical transformations and the entity that
nanowires can interface with should be expanded. While the
recent interest in photoelectrochemistry was largely inspired by
the concept of artiﬁcial photosynthesis and the development of
a solar-to-chemical process, the underlying principle of
photoelectrochemistry does not restrict the interfacial redox
reactions to these fuel-forming ones such as water splitting and
the reduction of CO2/N2. We posit that it is possible to apply
the PEC eﬀect to other interesting chemical transformations
that will be interesting to our society. Recent advances of
electrochemically driven organic transformations278,279 as well
as the development of electricity-driven biochemical pro-
cesses280,281 illustrate some of the areas that photoelectro-
chemistry can contribute. The underlying hypothesis is that
unique chemical reactivities can arise from the band bending
and charge transfer processes in photoelectrochemistry, which
is not available in other possible alternatives. Nanowires should
gain a prominent role in the development of these PEC
systems, as the large surface area of nanowires can magnify
these proposed unique reactivities. To facilitate these proposed
chemical transformations, a broader range of building blocks
should be interfaced on the nanowire with a higher level of
control at various length scales. While current research has
demonstrated the interaction between nanowires with catalytic
molecules, inorganic nanomaterials, and biocatalysts, there
remains much room of advancement to ﬁne-tune the interfacial
interaction between them.
Last, sophisticated engineering and fabrication should
continuously be devoted for a functional device. The natural
photosynthetic system not only has the “Z-scheme” design that
captures sunlight and yield energy-rich chemicals but also
contains the membrane that spatially separates the oxidation
and reduction products. While a similar design has been
envisioned for a while,2,3 there have not been a nanowire-based
system that fully mimic both the solar chemistry and
membrane-based separation of chemical products. The
integration of nanowire building for a closed cycle in artiﬁcial
photosynthesis has achieved much advance, yet additional
eﬀorts should be direct for a functional device. More broadly
speaking, such an engineering eﬀort at a system level47 should
not be limited only to the application of artiﬁcial photosyn-
thesis, as any practical applications rely on the detailed design
and system optimization.
Overall, even though here we present a “review” on the topic
of nanowires in photoelectrochemistry, this article should not
be a mere summary but a cornerstone for the scientiﬁc
discoveries and breakthroughs in the future. The unique
properties of nanowire photoelectrochemistry remain to be
further explored. As Richard Feynman said, “there is plenty of
room at the bottom”, we posit that there is plenty of room for
nanowire photoelectrochemistry so that this can be one of the
tools that our society will wield against the challenges in
energy, environment, and sustainability.
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